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applied  for  2 microseconds.  This  2 microsecond  pulse  continues  to  supply  curreni 
to  the  energy  storage  coll  once  the  vacuum  Interrupter  arc  has  been  extinguished, 
thus,  acting  to  delay  the  rise  of  voltage  generated  by  the  coll  and  to  permit  thi 
Interrupter  to  partially  recover  Its  voltage  stand-off  capability.  The  use  of  a 
specific  contact  material  and  contact  geometry  to  Insure  against  the  formation  ol 
anode  hot  spots  and  to  permit  a useful  lifetime  In  excess  of  50,000  cycles  Is 
described.  The  entire  switch  system  Including  the  vacuum  Interrupter,  the 
hydraulic  actuation  mechanism  and  the  commutator  circuit  has  a total  weight  of 
115  pounds. 
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1.  mraODUCTIDN  AND  SUMMARY 

This  report  sunmarlzes  the  %fork  performed  during  the  Inltlel  phase 
of  a two-phase  program  to  design,  build,  and  test  a Short  Puxse  Switch  for 
Airborne  High  Power  Supplies.  This  program  %#as  performed  by  the  Systems 
Development  Division  of  the  Westinghouse  Electric  Corporation  for  the  United 
States  Air  Force  Systems  Comimnd,  Air  Force  Aero  Propulsion  Laboratory, 

Wright  Patterson  Air  Force  Base  under  contract  number  F33615-72-0-2099  over 
a period  extending  from  June  1,  1972  to  February  28,  1973. 

The  primary  goal  of  the  first  phase  program  was  the  design  of  a 
switch  for  subsequent  fabrication  and  testing  during  the  second  phase  of  the 
program.  In  addition  to  the  primary  design  effort,  the  program  included 
experimental  testing,  theoretical  analyses,  and  computer  slmuUtions  which 
would  both  validate  the  design  and  gwierate  data  required  in  formulation  of 
the  design. 

The  program  was  broken  down  into  three  specific  areas  which  were 
of  prime  significance  in  meeting  the  design  goals  set  forth  in  the  statement 
of  work.  These  areas  are: 

e Vacuum  Interrupter  Technology 

e Connutator  Circuit  Analysis 

e Actuation  Mechanism  Studies 

Under  the  first  of  these  areas,  Westinghouse  relied  heavily  upon 
its  long  proven  expertise  and  experience  in  vacuum  switch  design  and  fabri- 
catiwi.  This  experience  was  utilized  in  carrying  out  a detailed  experimental 
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study  program  to  yield  the  data  required  to  establish  the  design  parameters. 
Included  in  this  series  of  tests  were: 

• Voltage  Recovery  Measurements 
e Anode  Spot  Formation  Studies 
e-  Contact  Erosion  Measurements 

e Contact  Resistance  Measurements 

The  results  derived  from  these  studies  were  incorporated  into  a 
comprehensive  theoretical  analysis  of  the  transient  thermal  behavior  of  the 
vacuum  interrupter  contacts  under  repetitive  arcing  conditions  corresponding 
to  60  seconds  of  operation  at  maximum  current  of  20,000  amperes  at  a 5 pulse/ 
sec  repetition  rate  without  external  cooling.  The  data  were  also  analyzed  to 
detemine  the  expected  voltage  recovery  rate  of  the  vacuum  inteirupter  which 
will  be  fabricated  during  Phase  II.  On  the  basis  of  these  figures,  the 
Phase  I design  utilizes  only  a 2usec  current  zero  condition  before  the  switch 
is  asked  to  hold  off  the  voltage  generated  by  the  storage  coll.  In  addition, 
the  coll  can  be  allowed  to  rise  in  voltage  at  some  rate  between  5 and  10  kV/ 
usee.  These  very  rapid  recovery  rates  and  voltage  rise  times  allow  a commuta- 
tor circuit  to  be  supplied  without  a significant  weight  penalty  and^  at  the 
same  time,  reduce  the  capacitance  which  the  storage  coil  itself  must  have  in 
parallel  with  it  to  reduce  the  voltage  rise  time. 

In  order  to  achieve  the  required  50,000  cycle  lifetime  of  the 
device,  it  was  necessary  to  totally  design  out  the  possibility  of  forming  an 
anode  hot  spot.  Such  hot  spots,  if  allowed  to  form  on  the  anode  of  a vacuum 
Interrupter,  result  in  rapid  erosion  of  the  anode  surface  and  would  radically 
limit  the  lifetime  of  the  contacts.  The  Phase  I design  was  established  so  as 
to  eliminate  the  formation  of  such  spots,  and  this  is  substantiated  by  the 
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6xperindntAl  investig*t.ions  of  anodo  spot  formation  rates  as  well  as  Yy  the 
transient  thermal  analysis  which  indicates  a large  margin  of  safety  between 
the  maximum  temperature  the  anode  will  attain  and  the  temperature  at  which 
hot  spots  have  been  observed  to  be  initiated. 

A commutator  circuit  has  been  designed  which  extinguishes  the  arc 
and  provides  2 tisec  of  zero  current  during  which  time  the  switch  begins  to 
recover.  In  addition,  a hydraulic  actuation  mechanism  has  been  designed  which 
opens  and  closes  the  switch  contacts.  Coin>uter  simulations  have  boon  performed 
on  both  of  these  components  to  InsuM  that  they  will  perform  as  required  in 
the  proposed  application. 

In  summary,  the  Phase  I design  developed  by  V'ostinghouso  is  shown, 
in  the  body  of  this  report, to  be  capable  of  meeting  or  surpassing  each  of  the 
design  goals  set  forth  in  the  statement  of  work.  The  overall  system  weight 
including  the  commutation  circuitry  is  shown  to  be  only  115  pounds.  The 
Phase  II  effort  will  be  Involved  with  the  fabrication  of  the  device  and  its 
testing.  This  Phase  II  testing  effort  will  be  of  the  utmost  importance,  since 
it  will  constitute  the  first  such  testing  of  a DC  vacuum  interrupter  at  these 
current  and  voltage  values,  and  will  be  necessar;r  to  validate  any  extrapola- 
tions made  on  the  basis  of  testa  performed  on  smaller  devices  at  lower  current 
and  voltage  levels. 

Section  2 of  this  report  describes  the  design  approach  utilized 
during  the  Phase  I program  while  Section  3 gives  a detailed  technical  dis- 
cussion which  brings  forth  the  reasoning  behind  this  design  approach  and 
stresses  the  soundness  of  the  design. 

There  are  also  three  appendices  which  present  the  detailed 
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2.  WESTINGHOUSE  APPROACH  TO  SHORT  PULSE  SWITCH  DESICaJ 

The  Short  Pulse  Switch  for  Airborne  High  Power  Supplies  Program  has 
as  its  goal  the  design  and  development  of  a switch  capable  of  conducting 
20.000  amperes,  withstanding  100,000  volts  within  40  microseconds  of  opening, 
and  operating  at  a repetition  rate  of  five  pulses  per  second  with  flexibility 
to  allow  operation  at  somewhat  higher  repetition  rates  at  correspondingly 
lower  current  levels.  The  switch  must  be  small  and  lightweight  and  must 
operate  reUably  for  50,000  cycles.  All  of  these  design  goals  can  be  met 
utilizing  the  vacuum  interrupter, actuator,  and  commutator  designed  by 
Westinghouse  during  Phase  I of  this  program. 

2.1  BASIC  DESIGN  PHILCSOPHY 

Westinghouse  has  reUed  heavily  upon  its  long  experience  in  the 
design,  development,  and  manufacture  of  vacuum  interrupters  in  arriving  at  a 
design  which  fulfills  the  above  stated  requirements.  In  addition,  existing 
commercially  available  vacuum  interrupter  components  have  been  utiUzed  both 
to  take  advantage  of  their  proven  reliabiUty  and  to  significantly  reduce 
development  and  future  manufacturing  costs.  Where  necessary,  modifications 
have  been  made  to  these  components  in  order  to  upgrade  vacuum  interrupter 
technology  to  the  point  that  the  above  goals  can  be  satisfied. 

In  order  to  insure  50,000  cycle  operation,  it  is  necessary  that  the 
formation  of  an  anode  hot  spot  must  be  avoided,  since  this  leads  to  catas- 
trophic erosion  of  the  anode.  As  a result,  the  vacuum  interrupter  contacts 
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were  designed  with  a four-inch  diameter  flat  contact  area  and  the  contact 
separation  was  held  to  only  0.5  inch.  These  figures  are  well  below  the  anode 
spot  formation  thresholds  at  20,000  amperes.  In  fact,  the  estimated  current 
required  to  initiate  an  anode  hot  spot  in  contacts  of  this  geometry  is  in 
excess  of  25.000  amperes.  The  contact  material  is  CIA,  chosen  on  the  basis 
of  its  superior  erosion  resistance  characteristics  and  voltage  recovery 
characteristics.  CIA  is  a Westlnghouse  nroprietary  material  utilized  in  our 
current  vacuum  interrupter  product  line. 

In  order  to  insure  highly  reliable  lightweight  actuation  of  the 
switch  contacts,  a hydraulic  actuation  mechanism  has  been  designed  which 
weighs  only  15  pounds  and  which  can  operate  at  either  5 or  20  pulses  per 
second.  This  mechanism  can  be  built  to  operate  at  repetition  rates  as  high 
as  50  pulses  per  second  with  only  minor  modifications. 

Finally,  by  suitable  selection  of  contact  material,  diameter  and 
separation,  combined  with  current  Westlnghouse  vacuum  Interrupter  technology, 
a vacuum  interrupter  with  extremely  rapid  voltage  recovery  characteristics, 
well  in  excess  of  2,500  volts  per  microsecond,  can  be  fabricated.  As  a result 
of  these  recovery  measurements,  the  interrupter  is  capable  of  withstanding  the 
100,000  volt  maximum  potential  in  well  under  the  UO  microseconds  set  as  a 
design  goal  for  this  nrogram,  and  may  be  capable  of  achieving  this  standoff 
voltage  in  less  than  20  microseconds.  Since  a long  voltage  buildup  time 
reduces  the  overall  efficiency  of  the  energy  storage  coll  and  further  implies 
a significant  weight  penalty  in  the  form  of  capacitance  required  across  the 
coil  to  limit  the  rate  of  voltage  rise,  reducing  this  time  is  of  the  utmost 
importance.  The  voltage  recovery  tests  have  Indicated  that  it  is  possible  to 
reduce  the  coonutation  tine  to  two  microseconds  or  less,  implying  a further 
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significant  decreasa  in  capacitive  storage  in  the  commit ator.  The  Westinghouse 
design  requires  0.4  mF  of  capacitance  in  the  commutator  circuit  to  supply  the 
2 lisec  coramitation  time.  This  capacitance  operates  at  one  polarity  during 
commutation  and  at  the  opposite  nolarity  during  the  voltage  buildup  from  the 
storage  coil.  This  capacitance  value  is,  therefore,  utilized  twice  per  cycle, 
since  it  both  stores  the  commutation  energy  and  also  acts  to  limit  the  rate 
of  voltage  buildup  from  the  coil.  In  fact,  utiUzing  a 0.4  capacitor 
weighing  40  pounds  in  the  commutator  network  allows  the  coil  manufacturer  to 
utilize  80  pounds  loss  capacitance  across  the  coil,  in  limiting  this  voltage 
risetime.  This  permits  the  utiUzation  of  a commutator  circuit  which  will 
weigh  less  than  75  pounds,  and  combined  with  the  15  pound  hydrauUc  mechanism 
and  25  pound  vacuum  interrupter,  will  yield  a total  switching  system  weight 

of  leas  than  115  pounds. 

All  of  the  modifications  outlined  above  will  be  incorporated  into 
an  existing  Westinghouse  vacuum  interrupter  bottle,  and  will  be  coupled  with 
an  existing  high  speed  beUowa,  developed  by  the  Metal  BeUows  Corporation  for 
Ontario  Hydroelectric,  Ltd.  of  Canada,  to  provide  a switch  unit  capable  of 
meeting  or  surpassing  all  of  the  design  goals  of  the  present  program.  Figure 
1 . shows  a schematic  illustration  of  the  vacuum  interrupter  system  Westinghouse 

has  developed  during  the  Phase  I effort. 

2.2  TESTING  PERFORMED  TO  ESTABLISH  FEASIBILITY  OF  DESIGN  CCKCEPT 

In  order  to  establish  confidence  in  the  overall  switch  designed 
during  Phase  I,  as  weU  as  to  generate  data  required  to  formulate  this  design, 
a comprehensive  program  of  experimental  testing  coupled  with  theoretical 
analyses  and  computer  simulations  has  been  conducted.  The  experimental  effort 
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has  been  devoted  to  a comprehensive  study  of  contact  materials.  The  anode 
spot  formatlm  tendencies  of  vacuum  interrupter  contact  materials,  their 
erosion  characteristics,  their  contact  resistance  as  a function  of  various 
parameters  such  as  temperature,  current,  and  the  force  applied  in  holding  the 
contacts  together,  have  teen  covered  in  the  experimental  studies.  In  addition, 
measurements  have  teen  made  on  the  voltage  recovery  of  Clil  contacts  in  small 
vacuum  interrupters.  The  experimental  results  indicate  that  the  voltage 
recovery  rate  of  the  interrupter  should  exceed  5 kV/ysec,  that  operation 
with  an  arc  duration  of  2 tfsec  should  cause  no  anode  spot  formation,  and  that 
gross  electrode  erosion  through  50,000  cycles  of  operation  should  amount  to 
only  about  1 millimeter.  The  theoretical  analyses  and  computer  simulations 
have  been  carried  out  to  obtain  the  transient  thermal  behavior  of  the  contacts 
during  repetitive  switching  cycles,  the  dynamics  of  the  hydraulic  actuation 
mechanism,  and  the  electrical  characteristics  of  the  commutating  circuit 
required  to  extlngxiish  the  20,000  ampere  arc  formed  when  the  contacts  are  first 
opened.  The  thermal  analysis  indicates  that  the  maximum  temperature  attained 
by  any  portion  of  the  switch  occurs  at  the  outer  edge  of  the  front  surface  of 
the  anode.  With  a pessimistically  high  arc  voltage  of  UO  V,  the  instantaneous 
value  of  this  temperature  is  only  900®K  after  the  3C0ih  arc  when  operating 
at  20,000  angjeres  and  a 5 pulse/sec  repetitiwi  rate.  This  temperature  is  well 
below  the  1356 ®K  melting  point  of  copper,  the  lowest  melting  constituent  of 
cm,  and  insures  the  anode  spot  free  perfonnance  of  the  contacts  without  the 
use  of  cooling.  Detailed  discussions  of  both  these  experimental  tests  and 
the  theoretical  analyses  and  conputer  simulations  are  presented  in  Section  3 
and  in  Appendices  A,  B,  and  C. 

Briefly,  the  most  significant  results  obtained  by  the  experimental 


and  theoretical  analyses  that  were  carried  out  during  the  vacuum  interrupter 
switch  design  are  as  follows: 

a The  vacuum  interrupter  switch  is  capable  of  withstanding 

a voltage  buildup  of  well  over  2.5  kV/(»sec  after  arc  extinction, 
e The  anode  and  cathode  plate  dimensions  and  maximum  separation 
distance  are  such  that  anode  spot  formation  will  not  occur, 

• External  cooling  of  the  switch  is  not  required,  since  the 
maximum  temperatures  reached  by  the  components  after  300  cycles 
are  suV stantlally  below  critical  values. 

2.3  RESULTS  OF  DFSIGTI  STUDY 

As  a result  of  the  Phase  I design  effort  ''ounled  with  the  exr»eri- 
mental  and  theoretic's!  studies  mentioned  above,  Westinghouse  has  designed  a 
short  rulse  switch  with  the  following  characteristics: 
a 20,000  ampere  ''urrent  capability 

• 100,000  volt  hold-off 

e 60  seconds  of  operation  at  20,000  amperes  and  5 pulse/sec 
.epetltion  rate 

e operation  without  external  cooling 

e capable  of  operation  at  repetition  rates  up  to  50  pulses/sec 
at  correspondingly  lower  current  levels 
e switch  mechanism  (less  conmiutator)  weight  of  40  pounds— compared 
to  70  pound  goal  of  contract 
e total  switch  system  weight  of  115  pounds 

e 40  pound  coonutator  capacitance  is  also  used  to  save  ^ pounds 
of  capacitance  across  the  storage  coll. 
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3.  TECHINCAL  DISCUSSION 


The  results  of  the  techiical  effort  during  Phase  I of  the  Short  Pulse 
Switch  Program,  which  were  summarized  briefly  in  the  preceding  Section,  are 
presented  in  detail  in  this  Section.  Successful  arrival  at  a design  for  a 
switch  system  capable  of  meeting  all  of  the  requirements  specified  in  the  State- 
ment of  Work  reouired  that  concurrent  design  e**forts  be  conducted  in  each  of 

three  major  suV -system  areas: 

(1)  The  Switching  Element 

(2)  The  Comnutation  Network 

(3)  The  Switch  Actuation  Mechanism 

In  each  case,  an  in-depth  analysis  has  leen  carried  out  to  determine  the  ~rit- 
ical  constraints  which  the  system  requirements  place  on  that  sub-system  and  to 
identify  the  approach  most  likely  to  offer  successful  satisfaction  of  these 
constraints  at  a minimum  cost  in  overall  system  weight  and  with  sufficiently 
high  reliability  to  allow  the  system  to  operate  without  failure  for  the  required 
lifetime  of  a 50,000  operations  at  maximum  loading.  The  design  of  the  switching 
element,  a vacuum  interrupter  (VI),  was  supported  wherever  possible  by  detailed 
experimental  studies.  In  all  cases  where  experimental  verification  of  predicted 
sub-system  performance  was  not  feasible  during  Phase  I,  computer  simulations 

were  utilized  to  establish  design  confidence. 

The  sub-system  design  studies  are  presented  in  the  following  paragraphs. 
Section  3.1  gives  the  results  of  the  VI  design  effort.  The  commutator  networic 
design  analysis  and  its  results  are  given  in  Section  3.2.  The  actuation  analysis 
which  resulted  in  the  design  of  a hydraulic  actuator  system,  is  presented  in 


Section  3.3. 
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3.1  VACUUM  INTCRRUnER  DESIGN 

Th®  switching  olsnont  for  th®  Short  Puls®  Switch  must  satisfy  th® 

following  r®quir®ments: 

• A current  cairying  capability  in  th®  closed  position  in  excess 
of  20,000  A. 

• A voltage  standoff  capability  in  excess  of  100  kV  in  the  open 
position. 

• A recovery  time  from  initial  current  zero  to  full  voltage  stand- 
off capability  of  loss  than  UO  usee. 

• An  energy  loss  per  cycle  of  less  than  5000  J . 

• A capability  of  operating  at  a frequency  of  at  least  5 pulses  per 
second  under  maximum  loading  for  60  seconds. 

• An  accumulated  lifetime  capability  of  at  least  50 » ODD  full  cycles 
of  operation. 

e A total  weight,  including  the  weight  of  the  switch  actuation 
mechanism,  of  less  than  70  pounds. 

• Airborne  operation  capability  at  altitudes  of  50,000  feet  or  more. 
In  it  s proposal  to  conduct  this  program,  Westlnghouse  showed  that  a VI  is  the 
switching  element  which  holds  the  greatest  promise  of  being  developed  to  the 
point  whore  it  meets  these  reouiromonts.  In  particular,  Westlnghouse  proposed 
to  base  its  design  around  the  WL  23231  interrupter,  the  most  reliable  high 
current,  high  voltage  VI  on  the  comnercial  market,  and  suggested  several  design 
modifications  to  upgrade  the  nerformanco  capabilities  of  the  WL  23231.  These 
modifications  and  their  intended  numose  Include: 

(1)  The  use  of  A-inch  diameter  by  1-inch  thick,  flat-faced  electrodes 
in  place  of  the  rather  cxoplicatod  electrode  geometry  employed 


in  the  commercial  AC  device.  The  larger  electrodes  should 
withstand  the  effects  of  the  repeated  20,000  A arcs  with  a 
minimum  of  erosion,  thereby  promoting  a longer  life  expectancy. 


(2)  An  increase  in  the  outer  diameter  of  the  electrode  stems  to 
if-inch  and  in  the  stem  protrusion  from  the  Vottle  to  A inches 
The  extended  length  was  nronosed  for  the  ’'umoses  of  allowing 
rreater  exterral  sleeve  contact  surface  area  to  minimize  contact 
h»at  generation  and  of  providing  snace  for  incorporation  of 
coolant  flow  inlet  and  outlet  lines. 

(3)  Incorporation  of  cooling  channels  through  the  electrode  stems 
and  into  the  electrode  plates  in  order  to  allow  a circulating 
coolant  to  carry  away  the  heat  generated  in  the  high  current  arcs. 

(a)  Utilization  of  an  actuation  mechanism  which  fully  opens  the 
VI  in  2 ra  sec  rather  than  the  8 to  10  msec  required  in  commer- 
cially availaVle  Vi's.  This  modification,  which  is  also 
dictated  by  the  specified  charge-discharge  times  for  the  system, 
should  significantly  decrease  the  arc  heating  and  erosion  of 
the  electrodes,  but  it  also  greatly  increases  the  transient 
g-forces  imposed  upon  the  bellows  and  could  require  an  improved 
Yellows  design. 

In  addition,  the  possibility  of  replacing  the  electrode  material.  Clil,  utilized 
in  Vfestinghouse  AC  Vi's  was  left  open  on  the  theor:/^  that,  although  CUl  is 
clearly  the  Vest  AC  VI  material  available  todav.  other  materials  might  display 
superior  performance  in  a DC  interrupter. 

The  principal  thrust  of  the  Phase  I VI  design  effort  has  consisted 
of  theoretical  analyses  supported  by  experimental  tests  on  small  Vi's  to 

lt> 


.Ub.t»tut.  th.t  th...  d..lgn  Ml  r.«at  In  . VI  vmlch  »U,- 

fl«  th.  Mq<ilr««>t.  of  th,  progrm.  It  hM  h.«n  conclud«l  from  th... 

.tudl..  th.t  .U  of  th.  p.rfommc.  r.qulr«»nt,  o.n  h.  mW  through  Incorpora- 
tion of  th...  propoami  modification,  and  that,  lnd.1,  th.  cooling  ayatm.  «1U 
not  t.  nacouirr  to  aucc.aoful  oporatlon  of  th.  awltch  for  300  cycl.a  und.r 
m^clmum  loKllng.  In  addition.  It  haa  twn  conclude  th.t  th.  at,m  dlmnrt.r 
cm,  h.  d.crM..d  to  1 inch  vdthout  caualng  th.imal  runmmy  prohlmaa.  Thla 
d.cr.aae  In  th.  dlma.t.r  of  th.  at,n  on  th.  mo»aH.  .Lctrod,  will  allow 
utllltatlon  of  an  alromly  mdatlng  hollow.  Which  la  .apactml  to  h.  capahl. 
of  50,000  cyclaa  of  oporatlon  without  ruptura.  Th.  atmn  dl«.,t.r  on  th.  other 
.Lctrod.  cm.  al.o  h.  docraaoml  In  order  to  effect  a d.cr..a.  In  ayatma 
weight.  Th.  p.rromm,c.  f«tur.a  «pect«l  of  th.  VI  d.algn«l  during  Phaa.  I 

Include : 

. Voltage  atandoff  capatlUty  well  In  mtcaaa  of  100  kV. 

. Recovery  aftw  mctlnctlon  of  a »,000  A ac  to  100  kV  In  1... 
than  40  nsec  and  possibly  less  than  20  ysec. 

. Energy  loaa  of  _ 2 kJ  p«r  cycle  at  full  lomllng  Including  2maac 

of  svdtch-opening  arc  at  20,000  A. 

. Overall  contact  eroalon  depth  of  only  Im  after  50,000  operation., 
a depth  well  und.r  th.  6.35  an  allowml  for  In  th.  haUowa  daalgn 
and  the  actuator  design. 

• Switch  weight  of  25  pounds  for  the  VI  and  40  pounds  for  the  VI 
and  its  hydraulic  actuator. 

The  design  analyses  and  verification  leading  to  these  e?cpectations 
are  sumnarised  in  the  paragraphs  which  follow.  Section  3.1.1  presents  the 
results  of  contact  material  investigations  which  led  to  the  choice  of  CIR 
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•s  the  material  to  be  used  in  both  electrodes  and  to  verification  that  the  VI 
will  not  be  subject  to  the  destructive  erosion  associated  with  the  formation 
of  anode  hot  spots.  The  voltage  recovery  test  results  and  supporting  analysis 
are  given  in  Section  3.1.2.  The  thermal  analysis  is  discussed  in  Section  3«1*3. 
VI  lifetime  considerations  are  covered  in  Section  3<l«^t  *nd  Section  3*1  *5 
presents  a treatment  of  the  bellows  to  be  utilised  in  the  VI. 

3.1.1  Electrode  Material  Investigations 

The  arc  which  bums  in  a VI  when  a circuit  is  broken  under  voltage 
load  is  actually  a low  pressure  metal  vapor  arc.  The  initial  vapor  is  provided 
by  the  explosion  of  the  electrode  material  in  the  tiny  areas  last  remaining 
in  contact  before  the  electrodes  separate  completely.  As  this  vapor  is  lost 
to  condensation  on  the  electrodes  and  to  escape  from  the  interelectrode  space, 
it  must  be  replenished  in  order  that  a space  charge  neutralized  plasma  be 
maintained.  As  long  as  the  interelectrode  spacing  is  not  too  great,  this 
replenishment  is  provided  by  evaporation  at  local  hot  spots  on  the  cathode 
and  the  arc  therefore  bums  at  a voltage  and  system  pressure  which  are  charac- 
teristic of  the  cathode  material.  The  evaporation  of  metal  from  the  hot  spots 
causes  erosion  of  the  cathode,  but  these  spots  move  more  or  less  randomly  across 
the  cathode  face  causing  a smooth,  gradual  overall  erosion.  The  rate  at  which 
erosion  occurs  for  various  cathode  materials  has  been  studied  by  numerous  workers 
and  seen  to  be  a constant  for  each  material.  In  particular,  Rondeel  has 
shown  that  CIA  e^dilbits  ms  of  the  lowest  erosion  rates  of  materials  which  are 

* W.  G.  J.  Rondeel,  "Electrode  Erosion  axKl  Energy  Balance  of  a Metal  Vapor 
Arc",  Thesis,  Norwegian  Institute  of  Technology,  Trondheim  (1971). 
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known  to  give  stable  arcing  conditions,  a value  corresponding  to  30  ^ram 
loss  per  coulonb  of  arc  current  or  approximately  1 atom  for  each  20  arc 
electrons.  Because  of  this  and  Its  low  arc  voltage  20  V - see  below),  the 
decision  was  made  to  stay  with  CIA  as  the  cathode  material. 

Gradual  cathode  erosion  does  little  to  limit  the  life  of  a VI.  The 
key  to  extended  lifetime  Is  the  prevention  of  anode  erosion  because  of  the 
manner  In  which  anode  erosion  occurs.  Although  the  anode  Is  heated  strongly 
by  the  arc  current  at  all  times,  little  or  no  erosion  takes  place  iintll  an 
anode  hot  spot  foms.  When  this  happens,  the  arc  energy  Is  nen-unlformly 
deposited  Into  this  hot  spot,  and  this  causes  gross  melting  and  excessive 
erosion  In  the  area  of  the  hot  spot. 

The  sequence  of  events  In  anode  spot  formation  (ASF)  has  been 
studied  by  Klmblln  by  means  of  high  speed  motion  pictures  cf  the  arcing 
electrodes.  Klmblln  observed  that  as  long  as  the  electrode  separation  is 
small  (actually  less  than  about  half  the  anode  diameter),  the  vapor  released 
by  the  cathode  Is  sufficient  to  fill  the  interelectrode  space  uniformly  and 
to  maintain  a low  arc  voltage.  As  the  separation  Increases,  more  vapor 
eacapos  from  this  space  and,  at  some  critical  spacing  for  any  given  arc  current, 
a depletion  layer  forma  in  front  of  the  anode  face.  This  results  in  a sudden 
increase  of  the  arc  voltage  (often  to  more  than  100  V)  and  much  more  rapid 
heating  of  the  anode.  The  incrased  rate  of  heating  continues  until  an  area 
on  the  face  becomes  sufficiently  hot  to  start  producing  vapor  which,  in  turn. 
destro>'s  the  depletion  layer  above  this  area.  This  provides  the  arc  with  a 


C.  V/.  Klmblln,  "Anode  Voltage  Drop* and  Anode  Spot  Formation  in  DC  Vacuum 
Arcs",  Journal  Applied  Physics.  Vol.  10,  (1%9)  p.  1711. 
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lower  voltage  path  to  this  area,  and  the  arc  constricts  until  all  of  the 
current  Is  delivered  to  this  area.  Once  this  happens,  the  arc  remains  con- 
stricted until  It  Is  extinguished  and  gross  melting  and  splattering  of  this 
area  occurs  especially  If  the  arc  Is  maintained  for  any  appreciable  duration. 

The  proposed  electrode  spacing  to  diameter  ratio  of  1/?  should  provide 

a high  safety  margin  for  prevention  of  ASF,  and  fxirther  margin  should  be 

provided  by  the  arcing  time  of  only  2 msec.  Nevertheless,  the  possibility 

of  further  militating  against  ASF  by  the  use  of  a different  anode  material 

# 

was  Investigated.  Rich,  et  al.  studied  the  propensity  of  materials  to  form 
anode  spots  and  found  that  this  tendency  can  be  correlated  with  the  thermal 
properties  of  the  materials.  They  showed  that,  among  coonon  materials,  W has 
the  greatest  resistance  to  ASF.  In  addition  to  this,  W has  higher  electrical 
and  thermal  conductivities  than  CLR  so  that  the  decision  was  made  to  test  W 
as  an  anode  material  for  our  application. 

Comparative  tests  were  carried  out  at  the  Westlnghouse  Research 
Laboratories  on  small  Vi's  equipped  with  3A~lnch  diameter  C^R-CIR  and  CIR-W 
electrode  combinations.  Tests  of  the  contact  resistance  between  electrodes 
at  various  currents,  temperatures,  and  contact  pressures  showed  that  the 
CIA-W  combination  consistently  exhibited  contact  resistances  lower  by  1 to 
3 u 0 than  the  Cm-CIR  combination.  The  contact  resistance  for  CIR-CIR 
electrodes  of  1.5  Inch  diameter  %ras,  however,  less  than  4 »/  0 at  a contact 
pressure  of  100  to  400  pounds,  so  that  the  advantage  of  using  W for  reducing 
contact  resistance  Is  quite  small. 


J.  A.  Rich,  L.  E.  Prescott,  and  J.  D.  Coblne,  "Anode  Phenomena  In  Metal 
Vapor  Arcs  at  High  Currents,"  J.  Appl,  Phvs.  Vol.  ^ (1971)  p.  587. 


19 


.*  * > 


Detailed  studies  %«re  perforaed  of  the  ASF  tehsvior  of  3/4-inch 
W and  CIJl  anodes,  and  of  the  material  behavior  once  a spot  formed,  in  the 
apparatus  previously  utilised  by  Kimblin  for  such  studies.  The  experiments 
were  carried  out  over  the  current  range  from  100  A to  4,000  A.  with  high 
speed  motion  pictures  recording  the  time  sequence  of  events  as  the  anode 
was  separated  from  a 1.25“inch  diameter  Clii  cathode.  The  ion  current  to  the 
chamber  walls  and  the  arc  voltage  across  the  electrodes  %#ere  also  monitored 
in  synchronism  with  the  movies.  Two  sets  of  runs  were  made  for  each  material 
with 

(1)  manual  contact  separation  to  a spacing  of  about  1-inch  in 

130  msec,  and 

(2)  autonjatic  opening  to  0.75-inch  in  30  msec. 

Figure  2.  shows  a schematic  of  the  experimental  chamber,  while  Figure  3. 
shows  the  sequence  of  experimental  events.  Some  of  the  more  important  results 
of  these  studies  are  summarized  below. 

The  threshold  current  for  anode  spot  formation  on  cm  at  1-inch 
separation  was  found  to  bo  600  A and  at  0.75-inch  it  was  800  A.  As  the 
current  was  increased,  the  separation  necessary  to  give  an  anode  spot  decreased, 
as  did  the  time.  Representative  data  for  CIA  are  given  in  Figures 
through  6.  for  currents  of  700  A,  1100  A,  and  3000  A,  respectively;  the 
first  two  of  those  were  taken  with  manual  contact  opening,  while  the  third 
utilized  the  automatic  contact  separator.  The  figures  indicate  the  time 
and  spacing  at  which  ASF  occurred,  the  voltage  during  the  arc,  and  the  ion 
currents  to  the  chamber  walls.  It  can  be  seen  that  both  the  voltage  and  the 
ion  currents  show  discontinuities  at  the  time  of  spot  formation.  It  is 
notable  that,  in  every  case,  the  arc  current  remained  below  30  V until  an  anode 
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Figure  2.  Experimental  Metal-Walled  Arc  Chamber  for  ASF  Studies 
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ExperimenUl  Sequence  and  Technique  for  Photographing 
DV  Vacuum  Area  During  Electrode  Separation. 
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spot  formed;  this  Is  especially  in^rtant  in  the  case  of  the  3000  A arc  where 
the  arc  current  density  is  A. 3 times  higher  than  for  a 20,000  A arc  to  a 
A-inch  anode.  Also  notable  is  the  fact  that  the  3000  A arc  did  not  cause 
ASF  until  9 msec  after  it  began. 

Figures.  7>  and  3.  show  the  ion  current  to  the  chamber  walls 

before  and  after  ASF.  These  show  clearly  that  there  is  a definite  increase 
at  the  time  of  ASF  in  agreement  with  Klmblln's  model  which  predicts  rapid 
evaporation  of  material  from  the  anode  spot. 

The  motion  pictures  showed  that,  at  the  time  of  ASF,  the  CUl 
anode  surface  and  adjacent  plasma  became  highly  luminous.  When  low  current 
arcs  were  extinguished,  no  residual  anode  luminosity  could  be  seen  after  the 
last  cathode  spot  went  dark,  but  when  higher  current  arcs  were  employed,  the 
anode  glowed  red  for  several  tens  of  milliseconds. 

Visual  inspection  after  each  ASF  showed  evidence  of  fresh  melting 
of  the  anode  surface,  but  the  anode  shape  remained  unchanged  even  after  many 
arcs  at  3000  to  4000  A.  This  is  in  maz4ced  contrast  to  Klmblln's  earlier 
results  for  Cu  where  gross  distortion  was  observed  often  after  a single  high 
current  ASF. 

The  results  for  W showed  that  the  1-inch  ASF  threshold  was  640  A, 
an  increase  of  40  A over  that  for  CIA.  At  1700  A and  l/4-inch  spacing,  no 
anode  spot  formed  on  W for  times  of  up  to  150  msec,  while  CIA  showed  intez^ 
mittent  ASF  at  these  same  values.  H)us,  W exhibits  a slightly  higher  ASF 
threshold. 

More  iiflportant,  however,  is  the  different  behavior  of  W when  ASF 
occurred.  Many  highly  luminous  particles  were  seen  to  be  thrown  away  from 
the  anode  surface,  thus  Indicating  rapid  and  gross  erosion.  It  is  likely 


25 


Figure  7.  Ion  Current  Traces  for  CIA  at  2,  3*  end  4 kA  and  Electrode  Spacing 
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Figure  8. 
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that  similar  erosion  occurs  with  CIA  but  that  the  particles  are  cooler  and 
non-luminous.  VIhen  anode  spots  were  formed  on  W at  1700  A or  higher,  the 
surface  continued  to  glow  white  hot  for  several  tens  of  rnim seconds  after 
the  arc  was  extinguished. 

This  white  hot  luminosity  of  W is  incompatible  with  VI  applications 
in  which  the  return  voltage  has  reverse  polarity,  as  it  will  have  In  the  expected 
application.  W is  a sufficiently  good  thermionic  emitter  that  the  probability 
of  a restrike  is  greatly  enhanced  by  the  presence  of  oven  a single  hot  spot 
on  the  anode.  Although  CIA  can  bo  expected  to  give  thermionic  emission  in 
the  range  of  155?  to  205?  of  that  of  W,  the  very  much  lower  temperature  of  the 
post-ASF  CIA  electrode,  should  ASF  occur,  will  not  significantly  enhance  the 
restrike  probability.  Thus,  W at  1500*K  will  give  a thermionic  current  of 
- 0.5  raA/cm^  in  a field  of  100  kV  across  1.27  cm,  while  CIA  at  800®K  in  the 
same  field  will  emit  loss  than  10“  A/cm  . 

The  studios  indicated  that,  for  both  materials,  ASF  occurred 
preferably  at  sites  where  material  was  deposited  after  explosion  of  the 
bridge  and  that  the  site  of  the  bridge  did  not  change  after  the  first  explo- 
sion. This  shows  that  those  sites  are  probably  heated  more  by  the  arc  than 
other  areas  on  the  anode  face,  most  likely  as  a result  of  field  concentra- 
tion at  the  protusion  resulting  from  the  deposited  material.  In  the  actual 
VI,  the  same  effect  can  bo  expected  so  that,  oven  though  there  appears  to  bo 
a wide  safety  margin  against  ASF  (as  will  be  shown  below  and  in  the  discus- 
sions of  the  erosion  tests  and  the  thermal  analysis),  the  danger  exists  that 
some  degree  of  ASF  will  occur  at  these  sites. 

This  danger,  the  thermionic  considerations,  and  the  fact  that  W 
is  a brittle  material  which  is  difficult  to  work  argue  against  the  use  of  W 
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as  the  anode  material  and  in  faTor  of  CIA.  Such  a decision  is  strengthened 
hy  the  highly  satisfactory  perfonu.nce  of  CIA  in  the  erosion  and  voltage 
recovery  tests  to  be  discussed  later. 

Certain  other  points  should  be  made  concerning  these  ASF  studies. 
The  threshold  of  800A  for  CIA  at  0.75<-inch  separation  translates  to  a thres- 
hold current  of  22, (KX)  A for  a 4-lnch  diameter  electrode  at  the  same  spacing. 
At  a spacing  of  only  f-inch,  the  threshold  should  be  considerably  higher,  so 
that  ASF  should  not  occur  no  matter  what  the  arc  duration  is.  This  same 
conclusion  was  reached  by  Klmblln  through  a comparative  analysis  of  CLR  data 
with  Cu  data  of  Klmblln  and  of  Rich,  et  al.**  which  led  to  a predicted 
threshold  current  of  24,500  to  32,500  A for  ASF  on  a 4-lnch  CIA  anode  at 
i-inch  separation. 

Referring  back  to  Figures  3.1*3  through  3.1.5,  the  threshold  con- 
ditions for  ASF  were 

(1)  700  A,  t - no  msec,  V arc  - 23  V 

(2)  1100  A,  t “ 70  msec,  V arc  “ 22  V 

(3)  3000  A,  t - 9 msec,  V arc  - 23  V. 

From  these  data,  the  surface  temperatures  of  the  anode  at  the  time  of  ASF 
can  be  estimated  using  the  fonnula  for  surface  temperature  of  a semi-infinite 
Slav  with  an  energy  input  to  the  surface  of  Fq  Joules/cm  -sec 

T (o,  t)-  ^ , ^3.1-1) 

Kimblin,  op  cit. 

## 

Rich,  Prescott,  and  Cobine,  op  cit. 

***  H.  S.  Carslaw  and  J.  C.  Jaeger,  Condition  of  Heat  in  Solids.  Second 
Edition,  (Oxford:  Clarendon  Press,  1959)  P.  75. 
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- thtnnal  conductivity  "1.23  J/cmr^K-sec  for  CIA, 

2 *1 

„d  a - ttiemil  dlffuslvlty  - 0.3334  cm'  «c  for  Ctt. 

AMunlng  thmt  90*  of  Uio  «ro  current  1.  cwrlod  ly  electrons  end  utlUiing  e 
value  of  4.5  for  the  work  function  of  Clit,  Eq.  (3.3-1)  glvea  values  of 
approcdBatelj  1390*K,  1550-K,  and  U00*K  for  the  surface  temperatures  in 
the  three  cases.  *U  of  these  temperatures  are  higher  than  the  melting  point 
of  copper,  the  lowest  melting  component  of  CUi.  Hence,  It  can  be  concluded 
that  melting  of  the  surface  occurs  prior  to  the  formation  of  the  anode  spot 
and  that  the  dsnger  of  ASF  le  practically  nonexistent  until  the  surface  tem- 
perature approaches  the  melting  point  of  the  anode  materUl. 

Finally,  It  Is  worth  noting  again  that  the  pre-ASF  arc  voltage  for 
CIS  never  reached  30  V,  not  even  at  current  densities  4 to  6 times  higher  than 
those  expected  In  the  VI,  and  were  usually  less  than  25  V.  For  a value  of 
25  V and  a work  function  of  4.5,  the  arc  energy  deposition  into  the  snode 
face  (assuming  all  current  Is  carried  by  electrons)  will  be  of  the  order  of 

E « 30  X 20,000  X 0.002  - 1200  J/cycle. 

Other  losses  Include  approximately  50  J/cycle  Into  a contact  resistance  of 
2 „ 0 end  approximately  400  J/cycle  A losses  In  the  stmss  for  a total  of 
apprccdmately  W50  J/cycle.  Of  this  total,  - 1225  J are  deposited  directly 

into  the  anode  face. 

3.1.2  Voltage  Recovery 

It  was  polntml  out  In  the  proposal  that  CIS  Is  known  to  «<hltlt 
significantly  more  rapid  recovery  to  full  stmidoff  voltage  than  Cu-Bl  In 
high-current  AC  matches.  It.  recovery  In  DC  switching  l»d  not,  howmrer, 
previously  been  determlnml,  and  It  was  necessary  to  conduct  measurmaonts  of 
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the  DC  recovexy  rate  during  Phase  I.  Because  rapid  switching  of  DC  currents 
in  the  range  of  interest  to  this  program  would  require  the  use  of  a commutat- 
ing circuit  equivalent  to  that  which  was  to  be  designed  during  Phase  I,  it 
was  necessary  to  conduct  these  tests  on  smaller  devices  at  lower  currents 
and  to  attempt  to  show  theoretically  how  these  results  should  scale  upward. 

A VI  equipped  with  3/4-inch  butt  CIA  contacts  was  chosen  for 

these  measurements.  Its  voltage  standoff  capability  at  a spacing  of  i-inch 
between  contacts  was  determined  to  be  approximately  50  kV  prior  to  the  teats. 
The  recovery  experiments  were  carried  out  using  equipment  previously  utilized 
in  measurements  of  the  DC  recovery  of  high  pressure  SF^  circuit  breakers  by 
Perkins  and  Frost*  at  the  Weatinghouae  Research  Uboratories. 

The  apparatus  is  shown  schematically  in  Figure  9.  A square 

wave  current  is  produced  by  discharging  capacitor  through  the  inductor 
resistor  combination  the  isolating  switches,  and  the  test  breakers. 

The  combination  maintains  the  current  approximately  constant  for  about 
1/2  of  the  unmodified  discharge  tiir.e  constant  (R^  + after  which  the 

current  is  crowbarred  to  zero,  by  diversion  through  SW3,  in  about  1 usee. 

A pre-ionization  current  from  Cj  aUows  the  test  VI  and  SWl  and  SW2  to  be 
fully  opened  before  the  square  wave  current  is  initiated.  The  Cy  R^ 
combination  is  used  to  apply  a recovery  voltage  through  SWA  at  any  desired 
time,  tj^,  after  current  zero.  The  sequence  of  events  is  shown  schematically 

in  Figure  10* 

For  the  tests,  current  of  1000  A was  applied  for  a duration  of 
400  t»sec  and  a gap  spacing  of  3/^inch  was  utilized.  This  current  value 


J.  F.  Perkins  and  L.  S.  Frost,  "Dielectric  Recovery  and  Predicted  AC 
Performance  of  Blown  SF.  Ares,"  IEEE  Trans.  Power  Appirt^Vt  Syf terns, 

PAS-91,  (1972)  p.  368. 
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Schematic  of  Tost  Circuit  for  Recovery  Voltage  Measurements 
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•ealet  to  28,500  A for  A-lnch  dluMtor  oloctrodes*  That  the  duration  is 

sufficient  to  allow  an  equllibriun  vapor  density  to  be  established  can  be 

# 

shown  by  the  following  analysis  . The  rate  at  which  vapor  comes  off  the 
cathode  during  arcing  is  given  by  lfi/9,  where  ft  is  the  number  of  vapor  atoms 
produced  per  arc  electron  and  e is  the  electronic  charge.  The  rate  of  loss 
of  vapor  to  condensation  on  electrodes  or  to  escape  from  the  volume  is  given, 
from  kinetic  theory,  by  ^ • 2T!R  (L  + R),  where  "E  is  the  mean  vapor  atom 
velocity,  n is  the  vapor  number  denelty,  R is  the  electrode  radius,  and  L is 


the  electrode  spacing.  The  rate  of  change  of  vapor  number  density  is 


^ . 

dt 


I5_ 

nR-^L  . e 


(3.1-2) 


and,  solving  for  n gives 


• 2HR  (R  + L)  ^ 


(3.1-3) 


where 


“ c L) 


“ 11.15  li  sec 

for  the  electrode  spacing  and  radius  in  these  tests  and  for  an  assumed  vapor 

temperature  of  2000  K.  With  this  value  of  t',  it  can  be  seen  that  the 

exponential  term  in  Eq.  (3.1-3)  is  vanishingly  small  so  that  equilibrium  has 

been  reached  in  a time  short  compared  to  400|isec. 

The  arc  time  and  current  are,  however,  insufficient  to  cause  any 

significant  heating  of  the  anode  surface.  As  a result,  it  was  decided  that 

application  of  reverse  polarity  recovery  voltages  would  give  recovery  rates 

that  would  be  too  high  because  there  would  be  no  possibility  of  a restrike 

caueed  by  overheated  metal.  On  the  other  hand,  the  cathode  hot  spots  are 

K : 

C.  W.  Klmblin,  "Dielectric  Recovery  and  Shield-Currents  in  Vacuum-Arc  Inter- 
rupters," IEEE  Trans.  Power  Apparatus  and  Systems,  PAS-90  (1971)  p.  1261. 


present  in  a density  somewhat  greater  than  that  expected  in  the  actual  VI 
(the  anode  spot  studies  showed  that  each  CLR  cathode  hot  spot  emits  - 50  A 
so  that  in  this  case  there  will  be  “ 20  hot  spots  on  the  3/4-inch  cathode 
while  a corresponding  area  in  the  the  actual  will  have  only  14  spots). 
Ecker's  cathode  hot  spot  theory* **  predicts  that  these  spots  will  have  tem- 
peratures of  the  order  of  4000 "K.  Recovery  tests  with  the  same  polarity 
should,  therefore,  more  clearly  demonstrate  the  effects,  if  any,  of  hot 
metal  on  the  recovery,  and  it  was  decided  to  perform  the  tests  using  only 
the  same  polarity. 

The  results  of  recovery  measurements  on  CIR  with  the  same  polarity 
are  shown  in  Figure  11.  The  data  points  correspond  to  10  to  20  tests 
at  each  voltage  and  represent  a 505«  to  755«  probaViUty  of  successful  recovery. 
The  dashed  curve  is  drawn  on  the  basis  of  Kimblin*s  observation  that  5 to 
10  kV  separates  058  recovery  probability  from  100^  recovery  probability  and 
represents  the  estimated  10058  recovery  probability  curve  for  this  device. 

For  comparison,  Kimblin's  10058  recovery  data  for  1-inch  diameter  Cu  electrodes 
after  switching  930  A are  presented  in  the  same  figure.  It  can  be  seen  that 
the  CIR  recovery  begins  after  ~ 2 ^sec  and  reaches  35  to  40  kV  in  the 
next  7 usec;  by  constrast,  the  Cu  electrodes  at  1.3  cm  spacing  did  not  reach 
40  kV  until  after  ~ 23  usec,  despite  an  earlier  initial  recovery.  The  CIR 
thus  recovered  at  a rate  of  > 5 kV/nsec  after  an  initial  2 iisec  delay. 

Kimblin  also  measured  recovery  rates  for  the  sane  Cu  electrodes  with 
reversed  polarity  and  the  results  are  depicted  in  Figure  12,  which  also 
shows  the  same  polarity  results  again  for  comparison.  The  very  much  faster 

* G.  Ecker,  Zeitschrift  FOr  Hatuirforschung,  2^,  (1971)  p.  935. 

**  Kimblin,  IEEE  Transactions,  op.clt. 
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Cu^*8  (a)  and  (V)  aro  for  3/4-inch  CLR  at  3/e-inch  spacing: 

(a)  is  measured  50  to  755^  recovery  prohafcility,  (b)  is  esti- 
mated 100^  recovery  probability.  Curves  (c)  and  (d)  are 
measured  100^  curves  for  1-inch  copper  at  | and  i-inch  spacings. 


Figure  11.  Recovery  Voltage  Characteristics  of  CIR  and  Cu. 
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opposite  polarity  rscovsry  and  the  apparent  Instantaneous  recorery  to  ~ 10  kV 
are  explained  by  Klmblln  as  showing  that  there  were  no  local  hot  spots  on 
the  arcing  anode  which  could  feed  a restrlklng  arc  while  the  x*emanent  hot 
spots  on  the  arcing  cathode  can  feed  a restrlke.  Application  of  reverse 
voltage  merely  sweeps  out  the  Ions  left  between  the  electrodes  and  these 
cannot  deposit  sufficient  energy  to  generate  a hot  spot  and  Initiate  an  arc. 

Similar  results  for  opposite  polarity  application  for  kg  electrodes 

« 

were  obtained  by  Rich  and  Farrall,  who  observed  standoff  capability  of  2 to 
4 kV  In  tines  as  short  as  0.1  ^see  after  arc  extinction.  These  authors 
presented  a kinetic  analyslSf  similar  to  that  used  above,  which  substantiated 
their  data  and  which  showed  that,  insofar  as  residual  gas  pressure  is  concerned, 
zer^tlme  recovery  to  relatively  high  voltages  should  occur. 

Rapid  Initial  recovery  of  CIR  electrodes  with  reverse  polarity 
voltage  reappUcatlon  should  also  be  expected  In  the  absence  of  ASF  and  night 
even  be  expected  in  the  presence  of  anode  hot  spots  with  teroperatures  of 
less  than  1500  K (which  is  certainly  higher  than  that  corresponding  to  a 
red  glow  from  CIR  after  ASF)  since  at  these  low  temperatures  thermionic 
emission  should  not  be  sufficient  to  cause  enhanced  probability  of  restrlke. 

It  Is  quite  likely  that  the  2usec  delay  required  to  begin  recovery  In  the  same 
polarity  case  reflects  the  effects  of  thermionic  emission  from  the  exceedingly 
hot  cathode  spots  until  they  cool  below  some  critical  temperature.  We 
expect,  therefore,  to  obtain  an  Immediate  onset  of  recovery  with  CIA  In 
reversed  polarity  and  a subsequent  recovery  rate  at  least  as  great  as  the 
> 5 kV/usec  recovery  seen  In  the  experimental  tests. 

* J.  A.  Rich  and  G.  A.  Farrall,  "Vacuum  Arc  Recovery  Phenomena,"  IEEE 
Proceedings,  (1964)  p.  1293* 
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Several  other  approaches  were  taken  to  suVstantiate  this  expectation. 
Voshall*  extended  the  Rich-Farrall  analysis  to  allow  calculation  of  recovery 
rates  for  Vi’s  at  any  current  switching  level.  Applying  the  same  recovery 
criterion  to  Clil  as  Voshall  used  to  predict  successfully  the  recoveries  of  Cu 
and  Ag  electrodes,  i.e.,  a mean  free  path  in  the  residual  gas  equal  to  twice 
the  electrode  spacing  indicates  that  the  4“inch  CIJl  electrodes  at  i-inch 
spacing  should  recover  to  100  kV  in  12  to  16  i»sec;  using  a more  conservative 
critical  gas  density  2.5  times  lower  gives  an  expected  recovery  time  of 

That  residual  gas  density  should  pressnt  no  problem  to  recovery  can 

he  shown  further  Vy  comparison  to  Kinblin’s  copper  experiments  cited  above. 

Uhder  the  conditions  of  Kimblin’s  experiments,  the  residual  gas  density 

after  20  usec,  when  the  1.3  cm  gap  withstood  50  kV,  was  calculated  to  be 

approximately  1.5  x 10^^  cm  Applying  the  same  analysis  to  the  A«inch 

15  -3 

GIB  electrodes  at  i-inch  separation  gives  a gas  density  of  1.2  x 10  cm 

15  “3 

at  the  instant  of  current  extinction  and  < 0.5  x 10  cm  20  usec  later. 

Thus,  the  initial  density,  owing  to  the  slower  CLR  erosion  (/3  w 0.05  as  com- 
pared to  0.18  for  Cu),  will  be  lower  than  that  at  which  Cu  electrodes  with- 
stood 50  kV  and  the  residual  density  at  20  usec  will  be  thxw  times  lower. 

On  the  basis  of  this  comparison,  100  kV  holdoff  should  be  possible  in  less 
than  20  usec,  perhaps  in  a time  as  short  as  10  lisec. 

In  sunmary,  experimental  tests  on  a small-scale  CLR-equlpped  VI 
showed  recovery  at  a rate  of  > 5 kV/nsec  after  a 2 nsec  initial  recovery 
delay  which  probably  resxilts  from  residual  cathode  hot  spot  emission  upon 


R.  E.  Voshall,  "Current  Interruption  Ability  of  Vacuum  Switches",  IEEE 
Trans.  Power  Apparatus  and  Systems,  PAS-91.  (1972)  p.  1219. 
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same  polarity  voltage  application*  Soveral  diffex*ant  Analytical  approaches 
to  scaling  of  the'-e  results  indicate  that  a recovery  rate  to  ICX)  kV  of  at 
least  5 kV/nsec  jan  be  expected  in  the  large  device.  Moreover,  they  show  that 
for  reversed  polarity  voltage  application,  in  the  absence  of  gross  ASF,  the 
recovery  will  begin  instantaneously  and  will  easily  reach  ICX)  kV  in  leas 
than  20  visec. 

Despite  the  fact  that  recovery  is  expected  to  begin  instantaneously, 
the  commutator  circuit  has  been  designed  to  yield  a 2 ^aec  delay  Vefore  the 
coll  reaction  voltage  begins  to  rise*  This  not  only  produces  an  added 
safety  margin  insofar  as  switch  recovery  is  concerned,  but  as  will  le  shovm 
in  Section  3*2,  it  will  provide  this  margin  at  a net  weight  saving  to  the 
entire  system. 

3,1*3  Thermal  Analysis 

Because  of  the  high  power  dissipation  expected  in  the  arc,  it  was 
proposed  that  forced  convective  cooling  of  both  electrodes  be  Incorporated 
in  the  VI,  and  a veiy  conservative  steady-state  thermal  analysis  was  pre- 
sented to  show  that,  even  at  arc  voltage  drops  of  100  V,  such  cooling  would 
be  feasible.  It  was  noted,  however,  that  addition  of  coolant  device  to  the 
movable  electrode  would  create  added  complexity,  so  that  it  was  proposed  that 
the  feasibility  of  cooling  only  the  stationary  electrode  be  Investigated 
during  Phase  I* 

A similar  steady-state  analysis  was  conducted  early  in  the  program, 
and  this  indicated  that  convective  cooling  of  the  anode  alone  would  be 
sufficient  to  maintain  a mean  electrode  face  temperature  of  300  to  360**C. 
This  analysis  assumed  a heat  input  of  4 kJ/cycle  to  allow  for  relatively 
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high  arc  powtrs  and  high  contact  resistanca  loasat.  As  in  the  previous 
estimate,  no  allowance  was  made  for  the  thermal  inertia  of  the  VI  components, 
so  that  the  treatment  was  again  highly  conservative.  The  cooling  system 
required  to  maintain  those  temperatures  was  predicted  to  te  one  which  pumps 
30  gallons  of  coolant  per  minute  at  a head  pressure  in  excess  of  100  psi. 
Although  such  a system  is  relatively  aimple  to  design  and  fabricate,  it 
increases  the  system  complexity  and  adds  more  than  25  pounds  to  the  overall 

weight. 

Vftien  the  much  more  optimistic  values  of  arc  voltage  and  contact 
resistance  Vecame  availaVle  and  showed  that  an  energy  input  of  only  about 
1700  J/cycle  could  be  expected,  it  was  decided  to  perform  a transient  thermal 
analysis  to  determine  the  rate  at  which  the  system  increases  in  temperature 
and  the  number  of  cycles  of  continuous  operation  to  which  the  VI  can  te 

subjected  without  requiring  a cooling  systam. 

The  approach  taken  in  this  dynamic  thermal  analysis  is  described 

in  detail  in  Appendix  A,  which  also  Usts  the  computer  programs  utilized 
for  calculating  the  temperatures  of  the  ^sterns  both  with  and  without  coolant 
and  gives  sample  temperature  print- <xits  at  a variety  of  operation  times. 

The  only  assumptions  made  in  performing  these  analyses,  together 

with  their  Justifications,  wore: 

(1)  All  of  the  arc  energy  goes  into  the  anode  and  is  deposited 
uniformly  over  the  face.  Because  of  their  much  lower 
velocities,  the  ions  can  carry  only  a tiny  fraction  of  the  arc 
current,  and  the  ASF  studies  showwl  that  the  pUsma  is  always 
uniform  and  diffuse  in  the  absence  of  anode  spots. 

(2)  For  the  uncooled  case,  the  ends  of  the  stems  are  maintained 
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•t  300 *K  but  th4t  no  othor  heat  transfer  from  the  system 
occurs.  In  view  of  the  lOi-inch  distance  of  the  ends  from 
the  electrode  faces,  the  contribution  of  cooled  ends  to 
lowering  the  electrode  temperature s is  minimal.  In  addition, 
maintenance  of  f^ood  electrical  contact  to  the  stems  will  require 
that  they  be  held  at  moderate  temperatures. 

(3)  The  temperature  coefficient  of  the  electrical  conductivity 
of  Clil  is  the  same  as  that  of  Cu.  Since  the  conductivity 
variations  with  teo5>erature  of  most  metals  are  similar  to, 
and  frequently  less  than  that  of  Cu,  this  assumption  seems 
Justified. 

The  physical  properties  of  CIA  used  in  the  analysis  are  those  measured 

at  the  Westinghouse  Electronic  Tube  Division  and  are  p • 8.1  g/cra  , resistivity 

■ 7 X 10*^  Ocm,  and  * - 1.23  J/cm-*k-sec.  In  order  to  keep  the  analysis 

conservative,  the  arc  energy  deposition  rate  was  taken  to  be  1600  J/cycle 

( a 1/3  higher  than  expected)  and  the  contact  resistance  heating  was  taken 

to  be  twice  that  expected  (R„  ■ 4 uO  rather  than  2 )»  ^he  energy  input 

c 

per  cycle  to  the  face  of  the  anode  was  thus  taken  to  be  1650  J rather  than 
the  1225  J estimated  previously.  Because  of  the  desirability  of  using  a 
1-lnch  stem  diameter  to  mate  with  the  bellows  chosen  for  the  VI,  the  cal- 
culation was  performed  for  this  stem  diameter  on  both  ends. 

Several  checks  were  performed  to  establish  confidence  in  the  calcu- 
lations. The  most  significant  of  these  is  described  on  page  A-9  of  Appendix 
A;  it  showed  that  the  mesh  calculation  predicts  a peak  surface  temperature 
at  the  end  of  an  arc  within  1.5*K  of  that  predicted  by  exact  analysis.  The 
temperature  profile  proceeding  into  the  anode  plate  was  estimated  to 
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correspond  to  an  energy  input  of  approximately  1700  J in  the  first  cycle  in 
very  good  agreement  with  the  arc  energy  and  contact  resistance  heat  inputs. 

Finally,  the  losses  in  the  Cu  stems  should  increase  their  tenqperature 
by  approximately  0.5*K  per  cycle  at  the  beginning  of  switch  operation,  and 
this  value  again  checks  closely  with  the  calculated  data.  Thus,  a rather 
high  level  of  confidence  can  be  placed  in  the  validity  of  the  thermal  analysis. 

Detailed  results  of  the  computation  are  given  in  Appendix  A. 

The  analysis  predicts  that  the  peak  anode  surface  temperature  at 
the  end  of  the  300^^  cycle  will  be  719®K  and  that,  at  the  moment  of  arc 
extinction,  this  value  will  be  901 *K  for  the  system  without  cooling.  In 
view  of  the  ASF  data  presented  earlier,  which  indicate  that  a temperature 
of  the  order  of  1400  to  1600*K  is  necessary  before  an  anode  spot  begins  to 
form,  this  indicates  that  the  uncooled  switch  will  have  a safety  margin  of 
500  to  700®K  after  the  300^^  cycle,  even  with  a 34J{  overestimate  of  the  heat 
input  per  cycle.  Thus,  cooling  should  not  bo  necessary. 

The  removal  of  the  need  for  a cooling  system  decreases  the  overall 
weight  of  the  system  by  about  25  pounds.  The  changes  in  the  VI  electrode 
design,  l.e.,  the  use  of  solid  stems  1-inch  in  diameter  and  solid  plates 
4-inches  in  diameter  by  1-inch  thick,  gives  the  following  weight  tally  for  the 
VI: 

Weight  of  bottle  and  end  plates  - 12  pounds 

Weight  of  electrode  plates  - 7.7  pounds 

Weight  of  electrode  stwns  - 4.9  pounds 

Total  VI  weight  - 24.6  pounds 

This  value  was  rounded  off  to  25  pounds  in  Section  3.1. 

More  limited  calculations  were  performed  for  the  cooled  anode  case. 
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Th«s«  art  also  dsscrlbsd  In  Appendix  A.  Extrapolation  of  the  results  to  300 
cycles  gives  an  expected  tenperature  of  580*K  after  the  8 msec  post-arc 


quiescent  period*  The  peak  tenperature  at  are  extinction  should,  therefore, 
be  approximately  ?60*K.  This  %fould  seem  to  indicate  that  a cooling  system 
increases  the  safety  margin  by  only  about  140*K  or  ahout  20  to  30^*  The 
added  weight  and  system  complexity  hardly  justify  such  a small  increase  in 
eafety  margin. 

This  conclusion  is  further  strengthened  when  it  is  considered 
that,  should  something  happen  at  the  face  which  could  promote  ASF  during 
any  given  cycle,  the  cooling  syetem  can  do  nothing  to  prevent  ASF.  That  is, 
the  coolant  is  separated  from  the  face  by  ^inch  of  metal  and  thermal  trans- 
port through  the  metal  during  a 2 msec  arc  is  negligible* 


3*1.4  VI  Lifetime  Considerations 

Several  phenomena  can  limit  the  lifetime  of  a VI,  the  most  impor- 
tant being  gross  erosion  due  to  ASF,  but  this  has  already  been  considered. 

Many  Vi's  are  observed  to  fall  when  a catastrophic  arc  occurs 
to  the  shield  and  perforates  it.  The  inside  of  the  container  then  becoaes 
coated  with  metal  and  the  device  no  longer  holds  any  appreciable  voltage. 

Arce  to  the  shield  can  be  avoided  by  so  designing  the  electrode  profile  that 
the  fields  between  the  electrodes  are  always  greater  than  the  fields  between 
either  electrode  and  the  shield.  With  electrode  plates  of  1-inch  thickness, 
it  is  expected  that  gentle  rounding  of  the  outer  edges  together  with  the 
smooth  evaporation  of  CIA  during  arcing  should  be  sufficient  to  ensure  low 
fields  bet%resn  the  electrodes  and  the  shield,  but  this  should  be  investigated 
further. 
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In  th.  ««.t  th.t  southing  mow  th«  gontl.  roondlmg  1.  r«,ulr«l, 
h«v.  won  o.rrl«l  out  to  .poolfy  «th.r  ol.otrod.  goomotrloo.  Th... 

,how  ttnt  tn.  u„  or  . Bruc.  profU.  or  of  . 90-  HogoKO.1  profll. 
would  nocooslUt.  very  l«rg.  lnor....»  In  th.  dlmn.t.r  of  th.  VI  hottl.. 

120-  Rogowskl  prom.,  u.luul.t.d  ..cording  to  th.  formul.,  glv«.  W Cohln.  . 
would  n.c...lt.t.  .n  Incr....  In  th.  .l.ctrod.  dlm..t.r  to  .tout  5.1-lnch. 

Thl.  dl«..t.r  could  t.  .cconmod.t«i  In  9-lnch  dlmct.r  VI  tottl.  which 
W.,tlnghou»  h.,  rocntly  «id«ltolt,  VI  product  lln..  Th.  ..Ight  Incr.... 
r.,ultlng  free.  u..  of  thl.  tottl.  would  t.  1...  th«.  2 pound,  .nd,  ,lnc.  thln- 
wUl«l  m.ta  could  t.  u.«l  to  .dd  th.  Rogowrtcl  profll.  to  th.  out.r  «ig.. 
of  th.  .l.ctrod.0,  th.  ov.r.ll  weight  Incr....  would  1.  only  .tout  2 pound.. 

It  w..  .ugg.rt«l  in  our  propo..l  th.t  .re  confln.m.nt  or  dl.p.r,.l 
tochnlqu..  t.  lnv..tlg.t«l  ..wan.  of  controlling  th.  «,.rgy  dl..lp.tlon 
during  «-clng.  Fin.  «.  oft«.  u.«i  In  Urg.  VI-,  to  promote  .re  dleperwl 
.nd  It  1.  g«t.r.Uy  .gre«l  th.t  .uch  fin.  Incr....  th.  witching  cpetlUty 
of  . given  electrode  ...rnntlv  ty  30*  to  tO*.  Th.  ASF  .tudle.  d..crlt«l  In 
Section  3.1.1,  howwer.  Indict.  th.t  dlepercl  1.  unneccry  to  witching 
Urge  current.  ..  long  ..  the  .rc  duretlon  ».d  .norc,  dl..lp.tlon  .r.  mlnl- 
Bli«l.  It  1,  felt,  therefor.,  th.t  Incorporntlon  of  fin.  to  .Id  In  dlopersing 
th.  .rc  1.  unn.c....ry.  Slmllmrly,  .rc  conflnwent  .pp«r.  to  t.  unn.c.cry 
for  th.  roletlvely  nerrow  ..p.r.tlon  of  J-lnch  for  t-lnch  .loctrod... 

Long-tom  .roolon  .tudl..  wr.  p.rfora»l  on  . omU  VI  with  3/*-lnch 
cm  contect..  Th.  c«t.ct.  ww.  op«»d  to  . .n>*P*tlon  of  0.18  Inch  In  3 m..c 
While  drewlng  « currwt  which  f.U  from  680  A to  325  A during  th.  opmUng 
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process;  pulsed  pancake  colls  were  utilised  to  effect  the  opening*  The  total 
charge  passed  throui^  pie  interrupter  In  each  cycle  of  operation  was  ~ 2.8 
coul,  or  approximately  twice  the  charge  Which  would  have  passed  if  the 
experiment  were  a direct  scale  model  of  the  actual  operation  of  the  large 
VI.  In  addition^  more  than  half  of  the  total  charge  passed  at  electrode 
separations  cmsiderably  greater  than  the  0.094  inch  which  would  correspond 
to  the  same  L/R  as  in  the  larger  device.  Thus,  each  cycle  of  operation 
corresponded  to  two  or  more  cycles  of  the  larger  device  insofar  as  cathode 
erosion  is  concerned  and  to  considerably  more  severe  treatment  insofar  as 
the  probability  of  ASF  is  concerned. 

The  test  was  carried  through  3500  cycles,  or  the  equivalent  of 
about  7000  cycles  in  the  large  VI.  The  cathode  erosion  rate  was  monitored 
by  measuring  changes  in  the  separation  between  a fixed  point  on  the  movable 
electrode  stem  and  a fixed  point  on  the  bottle*  The  results  are  shown 
in  Figure  13^  where  it  can  be  seen  that  the  data  clearly  indicate  that 
the  fixed  point  on  the  cathode  stem  moved  away  from  the  anode  , i.e.,  the 
electrodes  appeared  to  grow  by  0.022  cm  rather  than  shrink.  It  was  decided 
to  open  the  bottle  for  inspectim. 

Before  opening,  the  voltage  holdoff  capability  was  measured  to 
be  60  kV  reliably.  Prior  to  the  tests,  the  holdoff  was  initially  45  kV  and 
it  grew  to  55  kV  after  five  voltage  applications.  Thus,  the  long  term 
voltage  standoff  capability  of  the  device  shows  a definite  increase  during 
these  erosion  tests. 

The  surfaces  of  the  anode  and  cathode  are  shown  in  Figures  lU. 
and  15  •,  respectively.  The  photographs  reveal  that  the  apparent  electrode 
growth  resulted  from  transport  of  molten  material  from  the  cathode  to  the 
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Firure  -L3.  Position  of  Cathode  Stem  RelatiTe  to  Anode  Stem  Vs. 
NumVer  of  Arcing  Cycles  and  Total  Charge. 


Figure  15.  Cathode  Face  After  3500  Arcirp  Cycles, 
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•node,  as  indicated  ty  the  presence  of  a rise  on  the  anode  and  a mating  crater 
j on  the  cathode.  This  prohatly  occtirred  as  a result  of  repeated  bridge 

explosions  at  the  same  sites,  an  effect  also  seen  in  the  ASF  studies.  There 
is  no  evidence  that  an  anode  spot  formed  at  any  time  during  the  experiments. 

The  voltage  standoff  testa  indicate  that  no  deleterious  effect  results  from 

this  continued  localized  bridge  explosion  effect. 

Slow  erosion  olaewhere  on  the  cathode  is  evidenced  by  the  gentle 
pitting  of  the  face.  The  average  cathode  erosion  depth  was  estimated  ly 
measuring  the  difference  in  thickness  of  the  anode  and  cathode  plates.  The 
cathode  thickness  decreased  by  0.18  + 0.07  mm  during  the  3500  cycles,  giving 
j an  erosion  rate  of  43  + 17  ng/^oul  in  reasonable  agreement  with  the  Rondeel 

j data  of  30  ug/Coul  cited  earlier.  As  a result  of  these  measurements,  the 

I large  VI  is  expected  to  experience  an  erosion  of  1.1  + 0.45  during  50,000 

i cycles  of  operation.  This  is  well  within  the  limits  of  adjustment  of  actuator 

travel  (6.35  ran)  designed  into  the  actuation  mechanism  and  should  present 

no  serious  danger  to  the  VI  lifetime. 

It  appears,  therefore,  that  the  basic  components  of  the  VI  should 

j 

( be  capable  of  providing  a 50, XO  cycle  lifetime. 

3.1.5  Bellows  Coupling 

The  bellows  coupling  is  expected  to  be  supplied  by  Metal  Bellows 
Corp.,  and  to  be  developed  in  conjunction  with  Westinghouse  if  development 
• becomes  necessar:/.  SpeciaUsts  at  Metal  Bellows  feel  that  the  welded  dia- 

! phragm  bellows  recently  designed  for  Ontario  Hydroelectric  should  be  acceptable 

^ for  our  application  at  a maximum  velocity  of  40  feet  per  sec  and  a stroke  of 

" one-half  inch.  This  bellows  has  been  designed  and  developed  for  a lifetime 
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of  10,000  cycles,  for  a one-inch  travel  at  30  feet  per  second  and  is  presently 
undergoing  testing  at  Ontario  Hydroelectric.  Because  of  an  extended  strike 
at  Ontario  Hydro.,  no  teat  results  are  yet  available.  Preliminary  teats  had 
previously  been  conducted  by  Ontario  Hydroelectric  on  a bellows  best  suited 
to  their  application  but  selected  off  the  shelf  so  that  design  data  could 
be  accumulated.  It  failed  after  70  cycles  of  moving  one  inch  at  30  feet 
per  second. 

The  method  utilized  by  Metal  Bellows  to  design  high  speed  bellows 
is  an  empirical  approach.  A preliminary  design  is  sub.lected  to  teats  in  its 
intended  application.  High  speed  motion  pictures  are  then  taken  to  deter- 
mine instantaneous  deflection  of  each  convolution  of  the  bellows.  A computer 
analysis  is  then  performed  to  determine  the  static  stress  condition.  Then 
using  existing  stress/cyclo  curves  for  the  material,  they  can  predict 
operating  life.  This  procedure  was  used  in  designing  the  beUows  now  under 
test  at  Ontario  Hydroelectric.  A similar  approach  would  be  required  for 
the  Short  Pulse  switch  bellows  if  the  present  Ontario  Hydroelectric  bellows 
proves  inadequate  for  our  application. 

To  date  in  the  development  of  high  speed  bellows  by  Metal  Bellows, 
the  weld  has  not  boon  a problem.  Any  potential  failures  are  expected  in  the 
diaphragm  innediatoly  adjacent  to  the  weld  in  either  of  the  first  three  or 
four  convolutions.  This  is  corrected  by  altering  the  diaphragm  configuration 
innediatoly  adjacent  to  the  weld  as  depicted  in  Figure  l6. 

The  bellows  expected  to  bo  utilized  in  the  VI  is  illustrated  in 
Figure  17.  The  diaphragm  thickness  varies  so  that  a graduated  sprinr 
rate  is  obtained.  Each  end  uses  the  thicker  material  for  approximately 

three  or  four  convolutions,  to  provide  the  higher  spring  rate.  The  varied 
spring  rate  distributes  stresses  uniformly  throughout  the  stroke. 
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Flpure  l6.  Alterttion  in  Diaphragm  Configuration 
to  Increase  Fellows  Strength. 
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Figure  17 • Configuraticm  of  Bellows  to  be  Utilized  in  VI 
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Commutator  Circuit 


3.2.1  Fundamental  Requirements  of  Commutator  Circuit 

During  the  opening  of  the  vacuum  interrupter  contacts,  an  arc  carry 
ing  20,000  amperes  is  formed.  This  arc  continues  to  supply  current  to  the 
cryogenic  coil,  and  the  coil  does  not  sense  the  switch  opening.  It  is  the 
commutator  circuit  which  must: 

1)  Extinguish  the  arc  and  thereby  interrupt  the  current  supply  to 

the  coil. 

2)  Continue  to  supply  current  to  the  coil  for  the  length  of  time 
required  for  the  vacuum  interrupter  to  recover,  from  the  newly  extinguished 
arc,  to  the  point  where  it  can  withstand  the  required  voltage  buildup. 

Since  the  vacuum  interrupter  standoff  capability  depends  upon  the 
value  of  the  applied  voltage,  the  voltage  rise-time  must  be  sufficiently  long 
to  prevent  restriking  an  arc. 

As  discussed  in  Section  3.1.2  it  appears  that  the  vacuum  inter- 
rupter, after  a dispersion  period  of  £2  microseconds,  will  withstand  a re- 
applied voltage  rising  to  100  KV  at  a rate  of  5 to  10  KV/usec. 

The  voltage  rise  from  the  cryogenic  coil,  upon  current  interrup- 
tion, is  given  as  2.5  KV/usec  in  the  work  statement.  With  an  ideal  coil 
(no  stray  capacity)  of  5 mH  and  20  kA  charging  current,  this  limitation  of 
the  voltage  rise  requires  that  either  the  coil  manufacturer  incorporate  a 
capacitance  of  approximately  8 pF  into  the  coil  or  that  the  circuit  designer 
provide  such  a capacitance  across  the  coil. 

This  capacitance  requirement  follows  from  the  voltage  build-up 

ecjuation: 

^ uj  + iR  = 0 
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where  L is  the  coil  inductance  0.005H  and  C is  the  capacitance  associated 
with  the  coil.  The  circuit  resistance,  R,  is  unknown,  but  very  small,  and 
can  be  neglected.  Solving  the  equation  yields 


100,000  Volts 


20 , 000  amps  t 

idt  = — ^ sin  — : 

C • U3  C 
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5 = ll—  sin  

/s 

The  equation  cannot  be  solved  explicitly  for  C,  but  yields 

C •=  7.9464  wF, 

the  resonant  frequency 

f « 798  Hr, 
res 

and  for  a rise  time  of  40  ysec, 
ojt  ■=  11.5°. 

At  this  small  angle,  the  voltage  rise  is  very  close  to  linear. 

The  energy  stored  by  this  capacitor  is 

E « ^ *V^  «=  ^ *100^  = 40k  joule 

and  its  weight  at  50j/lb 

W = = 800  lbs 

Its  weight,  thus,  is  quite  significant. 

If  the  circuit  resistance,  R,  were  included,  a slight  attenuation 
and  a slight  decrease  in  frequency  would  occur.  Hence  the  value  of  C could 
be  reduced  correspondingly. 

More  significant,  however,  are  the  experimental  voltage  recovery 

results.  If  the  full  scale  experiments  of  the  second  phase  confirm  these 

results,  it  may  be  possible  to  allow  a voltage  rise  of  up  to  10  kV/psec  and 
a reduction  of  the  capacitor  by  a factor  of  four  to  2pF  and  200  pounds. 
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The  voltage  rise  so  far  considered  is  produced  by  the  collapse  of 
the  field  of  the  cryogenic  coil.  It  should  be  noted  that  another  voltage 
rise  is  produced  by  the  internal  reactance  of  the  generator.  This  voltage  | 

rise  will  occur  on  the  other  contact  of  the  circuit  breaker  with  opposite  | 

polarity  and  will  increase  the  potential  across  the  circuit  breaker.  The 
necessary  data  are  not  on  hand  to  determine  the  magnitude  of  this  voltage 
rise.  However,  should  this  rise  prove  significant,  it  appears  that  it  will 
be  necessary  to  eliminate  it  by  a triggered  shunting  branch  so  as  to  protect  ^ 

the  generator  against  dielectric  breakdown.  Since  this  is  a generator  prob- 
lem. it  is  not  included  in  the  present  circuit  analysis.  j 

j 

A variety  of  circuits  have  been  conceived  and  analyzed  for  their  j 

ability  to  provide  the  conditions  for  current  interruption  as  outlined  above 
with  a minimum  of  weight,  power  consumption  and  complexity.  The  more  signif- 
icant ones  are  discussed  in  the  next  section. 

3.2.2  Basic  Circuit  Alternatives 

The  cryogenic  coil  can  be  connected  either  in  a shunt  or  in  a 
series  connection  to  the  load,  as  shown  in  Figure  l8.  a and  b,  respectively. 

In  the  shunt  coil  circuit,  the  switch  interrupts  the  current  from  j 

the  power  source  to  the  storage  coil,  and  the  coil  is  allowed  to  discharge 
directly  into  the  load.  Since  the  power  source  unavoidably  is  inductive,  a 
surge  voltage  will  develop  across  it  and  will  appear  on  the  left  switch 
electrode  with  polarity  opposite  that  of  the  right  electrode  as  mentioned 

above . 

In  the  series  coil  circuit,  the  load  is  inserted  into  the  main  j 

1 

circuit  by  opening  the  switch.  The  load,  representing  a high  impedance,  will  . 
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Fipur#  18-  Altemtte  Circuits  for  Coil  and  VI 
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cause  a reduction  of  the  current  at  a rate  such  that  the  voltage  developed 
in  the  inductance,  L equals  the  voltage  drop  across  the  load.  The 
current  decay  as  seen  by  the  power  source  is  slower  than  in  the  former  case, 
and  the  voltage  surge  in  the  power  source  is  correspondingly  less.  Secondly, 
this  energy  is  not  lost  but  adds  to  that  of  the  storage  coil. 

In  either  configuration  the  function  of  the  commutator  circuit  is 
essentially  the  same,  and  basic  commutating  circuits  can  be  applied  to  either. 
With  constraints  of  the  power  source  removed  from  the  analysis,  the  shunt 
coil  circuit  lends  itself  more  easily  to  computer  simulation.  The  results 
of  various  commutator  circuit  analyses  are  given  in  the  following  discussion. 

The  rate  of  voltage  rise  after  current  interruption,  as  specified 
for  the  coil  and  load  circuit,  is  2.5  kV/ysec.  As  discussed  above  in 
Section  3.2.1,  this  voltage  rise  is  less  then  the  capability  of  the  vacuum 
interrupter  after  the  short  recovery  period.  The  problem  therefore  reduces 
to  that  of  providing  a comnutation  circuit  that  maintains  a zero  current 
condition  in  the  VI  for  a period  of  about  2 ysec.  Since  this  period  is 
expected  to  be  no  longer  than  2 ysec,  the  problem  reduces  to  basically  two 
different  approaches  which  may  be  taken  to  provide  the  current  zero  time, 
neunely: 

1)  An  auxiliary  (or  commutating)  circuit  which  drives  a current 
through  the  VI  of  magnitude  equal  to  the  main  circuit  current  and  of  opposite 
polarity.  In  this  case  the  net  current  in  the  VI  goes  to  zero,  the  arc 
extinguishes,  and  the  interrupter  recovery  begins. 

2)  An  auxiliary  voltage  is  applied  to  the  input  electrode  of  the 
switch  and  drives  it  negative  at  a rate  equal  to  the  voltage  buildup  due  to 
the  storage  coil,  i.e.,  2.5  kV/ysec.  This  voltage  is  applied  for  a duration 
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of  2 vjsec,  and  during  this  time  there  is  zero  voltage  across  the  interrupter 
so  that  the  arc  extinguishes  and  recovery  begins. 

The  two  approaches  accomplish  the  same  result,  i.e.,  they  both 
extinguish  the  arc  and  provide  2 usee  before  the  switch  is  subjected  to  the 
voltage  generated  by  the  storage  coil.  A choice  may  be  made  between  the  two 
approaches  based  upon  weight,  circuit  complexity  and  energy  loss  considera- 
tions. 


3.2.3  Commutator  Circuit  Analysis 

The  basic  commutator  circuit  could  consist  of  a damped  L-C  circuii. 
which  passes  a bucking  current,  slightly  greater  than  the  arc  current, 
through  the  vacuum  interrupter.  This  would  create  one  or  more  transitions 
through  a net  zero  current  and  would  extinguish  the  arc.  Continued  appli- 
cation of  this  bucking  current  which  oscillates  around  zero  would  also  pro- 
vide a recovery  period  to  the  switch  before  it  would  be  subjected  to  the  vol- 
tage  generated  by  the  storage  coil. 

Since  the  actual  extinction  of  the  arc  and  absence  of  vapor  for- 
mation occurs  at  zero  current,  a more  efficient  commutation  and  voltage  with- 
holding capability  will  be  provided  by  a more  extended  zero  current  condition. 
Hence,  a pulse-forming  network  is  preferable  over  a plain  L-C  circuit  and 
permits  a subsequent  faster  reapplication  of  voltage,  as  required  in  the  pre- 
sent application. 

During  the  course  of  this  program  a number  of  commutator  circuits 
were  subjected  to  digital  computer  analysis  euid  analog  circuit  measurements. 

^Greenwood,  A.N.,  Lee,  T.H.,  Theory  and  Application  of  the  Commutation 
Principle  for  HVDC  Circuit  Brakers,  Transactions  Paper  IEEE  Power 
Engineering  Society,  1972. 
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Thus  the  switch  current  and  reoccurence  of  voltage  were  plotted.  To  meet 
the  time  schedule,  this  work  was  initiated  at  the  beginning  of  the  program 
simultaneously  with  the  development  of  the  vacuum  interrupter  and  the 
actuator.  Since  these  studies  were  initiated  prior  to  the  availability  of 
the  experimental  results  generated  during  the  course  of  this  program,  these 
analyses  covered  quite  extended  periods  of  commutation  and  voltage  rise. 
Recent  voltage  recovery  measurements  have  greatly  reduced  the  anticipated 
commutation  time,  and  have  produced  a corresponding  decrease  in  the  commu- 
tator energy  storage  requirements.  The  commutator  circuit  to  be  utilized 
in  the  Westinghouse  design  is  discussed  below,  whereas  the  earlier  analysis 
is  included  in  Appendix  B. 

The  basic  commutator  and  VI  circuit  is  given  in  Figure  3.2.2a, 
where  a pulse  forming  network  (PPN) , of  internal  impedance  Z©,  provides  an 
essentially  square  pulse.  R is  a matching  resistor  and  L is  the  cryogenic 
coil.  After  firing  the  commutator  gap,  but  before  extinction  of  the  arc, 
its  equivalent  circuit  is  as  shown  in  Figure  3.2.2b.  The  impedance  in  the 
arc  is  small  and  the  gap  more  closely  represents  a constant  voltage  drop  of 
about  30  volts  which  is  insignificant  compared  with  the  voltage  of  the  PFN 
and  can  therefore  be  neglected.  The  network  is  matched,  i.e.,  R * Z©. 

After  extinction  of  the  arc,  the  VI  represents  an  open  circuit, 
and  the  equivalent  circuit  of  the  network  is  as  shown  in  Figure  3.2.2c. 

The  load  for  the  cryogenic  coil  is  not  connected  until  the  voltage  reaches 
100  kV,  and  is  therefore  not  included  in  the  figure.  Limitation  of  the 
voltage  rise  to  2.5  kV/ysec,  or  some  other  suitable  value,  requires  a cap- 
acitance, C * of  some  suitable  value,  which  is  included  in  the  equivalent 
circuit. 
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Based  upon  the  analysis  of  experimental  voltage  recovery  measure- 
ments it  appears  that  arc  extinction  occurs  after  a fraction  of  a micro- 
second, during  which  time  Figure  3.2.2b  applies.  For  the  remainder  of  the 
pulse  ('\'2vjsec)  , Figure  3.2.2c  applies.  The  task  remaining,  then,  is  to  deter 
mine  the  value  of  the  components  for  minimum  weight  and  power  loss. 

With  a given  pulse  length  of  2 .isec  and  coil  charging  current  of 


20  kA,  the  network  charge  is  given  by 

Q = i XT  - 20,000  X 2 X 10“®  = 0.04  Coul. 

Since  the  network  must  withstand  100  kV  during  the  time  the  cryocoil  is  giv- 
ing off  its  energy,  the  smallest  PFN  weight  is  attained  by  designing  it  for 
a 100  kV  charge  voltage.  Hence  total  network  capacitance 


0.04 

100,000 


0.4  yF 


The  network  total  inductance  is  given  by  the  pulse  duration 

T * 2 717c 

' N N 


^ * 4C 


-,2  ,„-12 

2 »10 

4*0. 4*10 


-6 


2.5  vH 


The  network  impedance 


2.5  n 


and  for  matched  condition 
R - Zq  * 2.5  fi 

Since  the  ohmic  resistance  of  the  cryocoil  is  small,  it  can  be  neglected. 
Furthermore,  the  coil  was  being  charged  from  the  source  with  20,000A  prior 
to  the  extinction  of  tie  arc,  and  immediately  after  extinction  it  is  being 
charged  with  20,000A  from  the  PFN  for  the  remainder  of  its  pulse  (approxi- 
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mately  2 ysec) . During  this  period  the  coil  senses  no  change,  and  no  surge 
is  developed. 

As  soon  as  the  pulse  is  terminated,  the  charging  current  goes  to 

zero,  and  the  coil  will  develop  a voltage  given  by  This  voltage 

is  applied  across  a circuit  consisting  of  two  parallel  branches,  namely,  the 

capacitance  C and  the  series  combination  of  R and  Zq.  The  PFN  represents  a 

short  transmission  line.  As  the  voltage  V appears  on  C,  the  same  voltage 

will  divide  between  R and  Z . The  voltage  pulse  will  travel  to  the  far  end 

o 

of  the  line  in  one  microsecond  and  then  be  reflected.  The  voltage  increase 
on  the  input  to  the  line  will  therefore  always  be  one  half  of  the  increase 
on  C and  will  reach  the  full  increase  2 psec  later.  As  the  voltage,  there- 
fore, rises  on  C,  the  voltage  on  the  PFN  will  lag  by  2 ysec.  This  lag,  how- 
ever, is  insignificant,  and  the  reoccurence  of  voltage  on  the  VI  can  be  cal- 
culated with  adequate  accuracy  by  considering  C and  in  parallel. 

As  discussed  in  Section  3.1.2  the  voltage  recovery  measurements 
made  during  this  program  indicate  that,  after  an  initial  VI  recovery  period 
of  < 2 sec,  a voltage  buildup  of  approximately  6 kV/ysec  can  be  tolerated 
without  danger  of  restriking  an  arc.  Accordingly,  it  appears  safe  to  allow 
a reduction  of  C from  8 yF  (as  required  to  give  2.5  kV/ysec)  to  3 yF . 

With  these  assumptions  and  using  the  formulas  derived  in  Section  3.2.1,  the 
time  needed  to  reach  100  kV  is  given  by 


t = V^L(C+Cj^)  arc  sin 
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0.005 *3, 4* 10  arc  sin 


. flOOjOOO  \ / 3.4«10'‘  ) 

1 20,000  V 0.005  / 


t = 17  psec 

The  total  time  from  extinction  of  the  arc,  thus,  is 
t = 2 + 17  = 19  usee 

The  voltage  build-up  on  the  capacitor  (and  the  cryocoil)  is  sinusoidal,  but 
the  angle  corresponding  to  17  usee  is  only  7.5°.  Therefore  the  voltage 
build-up  for  all  practical  purposes  is  linear. 

It  is  noted  that  the  PFN  capacitance  first  is  charged  to 
100  kV  in  one  direction.  By  discharging  its  0.04  Coulombs  into  the  cryocoil, 
it  delays  its  back-surge  for  2 usee.  Thereafter  it  is  charged  to  the  opposite 
polarity  by  the  back-surge  and  now  contributes  with  its  full  capacity  value 
to  reduce  the  rate  of  voltage  rise.  In  the  absence  of  the  PFN,  C would  have 
to  be  3.8  uF  in  order  to  slow  down  the  voltage  rise  to  100  kV  at  19  usee. 
Therefore,  *'^7  be  considered  as  contributing  with  twice  its  value. 

The  current  pulse  from  the  PFN  need  not  be  perfectly  square. 

If  some  ripple  is  present  on  this  pulse,  it  will  provide  several  transitions 
through  zero  without  associated  re-occurrence  of  high  voltages.  Furthermore, 
after  extinction  of  the  arc,  the  ripple  on  the  pulse  will  not  cause  a re- 
action from  the  cryocoil  because  the  reactance  of  the  capacitor  C is  only 
a few  milli-ohms  at  the  ripple  frequency.  This  reactance  is  in  series  with 
the  load  resistor  R of  the  PFN,  and  the  ripple  current  is  thus  attenuated  by 
a factor  of  250  or  more.  The  PFN  may  thus  consist  of  four  capacitors  each 


0.1  uF  tapped  to  the  appropriate  points  on  the  2.5  uH  coil. 


Based  on  our  preliminary  results,  a voltage  re-occurrence  rate  of 

about  5 kV/ysec  or  19  ysec  to  reach  100  kV  appears  conservative  but  safe  for 
initial  Phase  II  design  considerations.  When  the  full  scale  model  of  the  VI 
has  been  manufactured,  it  will  be  tested  to  determine  if  an  even  faster  vol- 
tage rise  can  be  permitted.  If  so,  a further  savings  on  the  weight  c^nd  size 

of  the  capacitance  of  the  cryocoil  will  be  allowed. 

The  commutator  circuit  discussed  above  comes  under  the  type  a,  or 
current  cancelation  method,  of  the  preceeding  section.  Several  circuits  of 
type  b,  or  voltage  compensating  method,  have  also  been  analyzed.  Since  the 
present  results  on  the  VI  indicate  that  a much  faster  voltage  rise  than 
2.5  kV/ysec  is  permissible,  the  latter  method  becomes  less  favorable. 

Further  pursuit  of  that  approach,  therefore,  appears  unwarranted. 

3.2.4  Coimnutator  Circuit  Switch 

The  problem  of  switching  in  the  commutation  circuit  has  been  in- 
vestigated. The  triggered  vacuum  gap  produced  by  General  Electric  for  crow- 
bar service  will  not  hold  up  for  the  present  requirement,  according  to  re- 
presentatives of  this  company. 

Ignitrons,  which  are  mercury  pool  devices,  apparently  have  the 
highest  coulomb  rating  for  this  type  of  device.  However,  since  they  require 
close  temperature  control,  the  maintenance  of  a vertical  position,  and 
probably  a connection  of  two  in  series, to  withstand  the  voltage, simultaneous 
triggering  problems  are  anticipated,  and  they  are  ruled  out  for  the  present 

application. 

Another  alternative  is  to  use  a gas  gap,  which  operates  over 
approxinately  3 to  1 voltage  range.  In  order  to  reduce  erosion,  a tungsten- 
copper  matrix  may  be  added  to  the  electrodes. 
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This  material  increases  capabilities  in  gas  gaps,  but  cannot  be 

used  in  vacuvun  gaps  because  of  out-gassing  during  operation. 

The  vacuum  gap  GP-74B-120  produced  by  EG&G  has  a rating  of 

120  kV  and  has  been  tested  at  60  kA  peak.  Reliable  firing  of  the  gap  can 

be  obtained  with  anode  voltage  as  low  as  2 kV.  Although  tests  conducted 

on  the  gap  have  exceeded  the  requirements  for  commutator  service,  life 

expectancy  may  be  somewhat  short.  Based  on  a 10  usee  commutation  at  20  kA 

4 

auid  300  shots  per  minute,  representatives  of  the  company  estimate  10 
reliable  discharge  cycles  and  degradation  thereafter.  With  the  present 
reduction  of  commutation  period  to  2 usee  and  recharge  at  reduced  current 
value,  this  device  may  perform  reliably  for  a total  of  50,000  operations. 

If  experience  should  prove  differently,  it  is  an  inexpensive  item  that  can 
be  easily  replaced  at  scheduled  maintenance. 

3.2.5  Conmutator  Circuit  Weight  Breakdown 

tie  weight  of  the  commutator  circuit  is  a function  of  the  commu- 
tation time  required  for  the  vacuum  interrupter  to  recover.  The  experimental 
results  discussed  in  Section  3.1  indicate  that  a recovery  time  of  2 usee  is 
more  than  sufficient  for  the  interrupter  to  withstand  a voltage  rise  of  the 
order  of  5 kV/usec.  Based  upon  this  figure  for  the  conmutation  time,  a 
0.4  uF  capacitance  weighing  40  pounds  will  be  required  for  energy  storage. 
Assuming  that  the  aircraft  on  \diich  the  switch  assembly  is  mounted  will  pro- 
vide the  basic  power  source  at  400  cycles,  the  following  weight  breakdown 
can  be  made  for  the  commutator: 

Capacitors  40  lbs 

Transformer  20  lbs 


J 
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Rectifier 


10  lbs 


Vacuum  Gap  Switch  5 lbs 

Total  Commutator  Circuit  Weight  - 75  lbs 

3.2.6  Commutator  Circuit  Sumnary 

The  commutator  circuit  designed  by  Westinghouse  will  extinguish 
the  20,000  ampere  arc  by  passing  an  equivalent  bucking  current  through  the 
vacuum  interrupter.  The  circuit  will  then  continue  to  supply  20,000  amperes 
to  the  cryogenic  storage  coil  for  an  additional  period  of  2 ysec  in  order  to 
allow  the  interrupter  to  begin  to  recover  its  voltage  hold-off  cap2d}ility. 
This  circuit  will  consist  of  a pulse  forming  network  as  shown  in  Figure  19* 
The  network  is  matched  with  a 2.5  ohm  matching  resistor  R which  matches  the 
internal  impedance  of  the  PFN.  We  have  assumed  here  that  the  impedance 
of  the  arc  is  small,  and  have  neglected  it.  The  total  inductance  of  the 
network  is  2.5  viH.  It  should  be  noted  in  sumary,  that  the  0.4  pP  capacitor 
eirployed  in  the  pulse  forming  network  serves  two  purposes.  The  primary  pur- 
pose of  this  capacitance  is  to  store  the  energy  to  extinguish  the  arc  and 
to  hold  off  4ie  voltage  buildup  for  2 vsec.  The  secondary  service  performed 
by  this  capacitance  is  to  limit  the  rate  of  rise  of  voltage  from  the  storage 
coil  after  the  commutator  current  has  dropped  to  zero.  It  accomplishes  this 
secondary  purpose  by  being  charged  to  reverse  polarity  by  the  back-surge 
from  the  coil,  and  it  thereby  reduces  the  capacitance  required  in  parallel 
across  the  coil  from  3.8  yF  to  3.0  yF.  This  results  in  a weight  reduction 
of  40  pounds. 
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3.3  ACTUATION  MUCH AN ISM 

3.3.1  Introduction 

The  mechanism  selected  to  drive  the  contacts  must  be  capable  of 
opening  the  switch  in  two  milliseconds  or  less  in  order  to  permit  the  device 
to  operate  without  cooling,  and  to  maintain  a suitable  margin  of  safety  which 
will  insure  against  the  formation  of  anode  hot  spots.  Once  the  switch  has 
been  opened,  the  arc  can  be  extinguished  and  the  coil  can  be  discharged  into 
the  load  in  less  than  one  millisecond,  leaving  up  to  seven  milliseconds  to 
again  close  the  contacts.  Techniques  which  were  considered  include: 

• Spring  drives 

• Hydraulic  actuators 

• Magnetic  actuators 

• Flywheels 

• Electric  motors 

Of  these  possible  techniques,  flywheels  and  electric  motors  were  ruled  out 
because  either  of  these  would  require  the  use  of  a clutch  which  would  be 
subjected  to  excessive  forces  and  would  necessitate  a considerable  advance 
over  the  present  state-of-the-art  in  clutch  design  and  fedjrication. 

The  feasibility  of  utilizing  a magnetic  technique  was  considered, 
and  it  was  found  that  there  are  at  present  two  electromagnetic  techniques 
which  have  been  successfully  utilized  in  opening  vacuum  interrupters  in 
times  of  the  order  of  two  milliseconds.  The  first  of  these  was  developed  at 
the  University  of  Waterloo,  Ontario,  Canada  for  Ontario  Hydroelectric,  Ltd., 
while  the  second  has  been  developed  at  the  Westinghouse  R&D  Center  in 
Pittsburgh,  Pennsylvania.  The  Canadian  scheme  utilizes  the  repulsive  forces 
set  up  between  a current-carrying  coil  and  a disk  carrying  induced  eddy 
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currents  and  has  moved  a one  pound  switch  mechanism  1/4-inch  in  one  milli- 
second. The  Westinghouse  technique  passes  current  through  two  closely- 
spaced  pancake  coils  and  has  opened  a three  pound  switch  a distance  of  3/8- 
inch  in  two  milliseconds.  The  existing  coils  can  generate  a repulsive  force 
in  excess  of  4000  pounds. 

Of  the  two,  the  Westinghouse  mechanism  promises  to  be  the  more 
efficient.  To  date,  however,  an  efficiency  of  only  about  10%  has  been 
achieved.  Since  as  much  as  400  joules  may  be  required  to  open  the  contacts, 
even  an  increase  in  efficiency  to  20%  would  require  storage  of  up  to  2000 
joules,  requiring  of  the  order  of  40  pounds  of  capacitors.  This  weight  was 
deemed  excessive  in  comparison  to  that  required  for  a hydraulic  mechanism. 

The  two  remaining  techniques,  namely  hydraulic  and  spring  mecha- 
nisms, were  judged  to  be  most  promising  and  were  more  closely  analyzed  dur- 
ing the  course  of  the  program.  The  results  of  these  studies,  along  with  the 
reasoning  behind  the  selection  of  the  hydraulic  mechanism  as  the  actuation 
means  for  the  Short  Pulse  Switch  are  given  in  Sections  3.3.2,  3.3.3  and  in 

Appendix  C of  this  report. 

3.3.2  Spring  Mechanism 

A cam  and  spring  operated  actuator  concept  was  conceived  and  in- 
vestigated in  some  detail  during  the  course  of  the  program.  This  concept 
embodies  a motor  driven  cam  to  store  energy  in  a coil  spring  which  is  then 
tripped  to  open  the  switch.  Other  springs  act  to  stop  the  moving  contact 
mass  and  to  store  enough  of  the  switch-opening  energy  to  return  the  contacts 
to  a closed  position.  A schematic  of  the  conceived  device  is  shown  in 
Figure  20.  The  closing  spring  is  sized  to  store  enough  energy  and  apply 
enough  force  to  reclose  the  contacts  in  the  seven  millisecond  closing  time 
allotted.  A third  spring,  the  holding  spring  of  Figure  3.3.1,  aids  in  stopping 
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Schematic  of  Sprior  Actuation  Kechariam 


Figure  20 


the  contact  during  opening  and  acts  to  set  the  contact  closure  pressure  at 
the  desired  level  to  maintain  closure  during  high  current  conduction.  The 
cam  can  be  so  designed  as  to  continually  compress  and  impart  potential  energy 
to  the  opening  spring  during  most  of  the  190  milliseconds  that  the  contacts 

are  closed. 

When  the  cam  follower  falls  over  the  brink  of  the  cam,  the  opening 
spring  accelerates  it  downward,  but  the  contacts  do  not  open  until  the  moving 
carriage  strikes  the  rear  portion  of  the  contact  assembly  (or  some  other 
impact  mechanism),  at  which  point  tfe  spring  motion  is  arrested.  This  allows 
the  mass  of  the  spring  and  carriage  to  accelerate  for  a longer  period  of  time 
than  the  desired  switch  opening  time  and  this,  in  turn,  allows  a reasonably 

sized  spring  to  be  used. 

calculations  indicate  that  an  opening  spring  weighing  about  twelve 
pounts  can,  with  an  average  force  of  about  1200  pounds,  accelerate  ten  pounds 
of  weight,  including  four  pounds  of  its  own  weight,  to  about  300  inches  per 
second  in  one  inch  of  travel.  Upon  striking  the  impact  mechanisms,  it  can 
impart  a velocity  of  approximately  250  in/sec  after  a very  short  accelera- 
tion time.  While  slightly  higher  forces  and  speeds  may  be  necessary,  these 
calculations  indicate  probable  feasibility.  In  fact,  the  opening  spring  in 
this  example  is  subjected  to  about  the  same  load  as,  and  travels  a shorter 

distance  than,  a typical  automobile  spring. 

While  this  concept  does  appear  feasible,  it  became  apparent  during 

the  course  of  the  hydraulic  actuation  analysis,  which  was  conducted  con- 
currently, that  the  latter  was  even  more  promising.  Oue  to  the  light  weight 
and  proven  high  reliability  performance  of  such  hydraulic  mechanisms  a 
decision  was  reached  to  drop  the  spring  mechanism  and  to  utilize  the  hydraulic 

mechanism  as  the  switch  actuator. 
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3.3.3  Hydraulic  Actuation  Mechanism 

3.3. 3.1  Introduction 

A liydraulic  actuation  mechanism  has  the  advantage  of  being  highly 
efficient  so  that  the  large  driving  forces  necessary  to  open  the  contacts  in 
two  milliseconds  can  be  provided  without  paying  a high  penalty  in  weight  and 
volume.  The  particular  actuation  mechanism  selected  to  operate  the  contacts 
will  be  capable  of  opening  the  contacts  to  the  full  0.5  inch  separation  in 
1.85  milliseconds  at  either  5 or  20  pulses  per  second.  In  addition,  with 
minor  modifications  this  mechanism  can  be  made  to  operate  at  repetition  rates 
as  high  as  50  pulses  per  second.  The  weight  of  the  hydraulic  mechanism  will 
he  shown  in  Appendix  C-5  to  be  under  15  pounds. 

The  following  guidelines  will  be  eitployed  in  fabricating  this 

device; 

(1)  An  open  loop  binary  switching  valve  will  be  used  to  avoid 
the  stability  problems  encountered  in  high  bandwidth  closed 
loop  systems.  The  opening  time  of  2 milliseconds  implies 

a closed  loop  bandwidth  on  the  order  of  1000  radians/second. 
This  would  be  a risky  task  with  the  high  flow  rates  involved. 

(2)  The  seal  problems  will  be  greatly  minimized  using  the  follow- 
ing policies  developed  as  a result  of  over  20  years  experience 
in  high  performance,  high  pressure  airborne  hydraulic  systems: 

(a)  A minimum  number  of  elastometric  seals  is  attained 
using  close-fit,  clearance  seals  on  internal  parts 
wherever  feasible. 

(b)  There  are  no  high  pressure  dynamic  seals.  The 
internal  dynamic  seals  are  designed  per  (a)  and 

12 


the  external  dynamic  seal  is  operated  at  return 
pressure.  This  low  pressure  external  dynamic  seal 
is  attained  by  providing  a clearance  seal  between 


the  high  pressure  cavity  and  the  o-ring.  (See 
Figure  21. 

(c)  The  pilot  stage  will  be  a jet  pipe  servovalve. 

This  servovalve  is  a two  stage  valve  with  a jet 
pipe  first  stage  and  spool  valve  second  stage. 
Westinghouse  has  extensive  experience  with  this 
component  and  its  reliability  is  well  proven. 

The  reason  for  a servovalve  as  opposed  to  a 
solenoidvalve  is  that  the  predictability  of 
operation  from  stroke  to  stroke  is  far  greater 
with  the  servovalve. 

(d)  Spool  valves  will  be  used  instead  of  poppet  valves. 

While  a poppet  valve  offers  more  orifice  conduc- 
tance per  inch  of  poppet  travel,  it  also  suffers 
from  a lack  of  predictability  due  to  "a  peculiar 
kind  of  unsyiranetrical  'stiction'  which  in  effect 
introduces  a highly  variable  lag  in  operation."^ 

The  function  of  the  actuation  mechanism  is  to  hold  the  contactors 
together  with  a 400  lb  force  while  current  is  flowing  through  the  switch, 
and  upon  command  separate  the  contactors  to  a distance  of  0.5  inches  in  an 
elapsed  time  of  2 milliseconds.  The  acceleration  force  required  to  achieve 

^Pg.  243,  "Fluid  Power  Control",  Blackburn,  Reethof,  Shearer,  Technology 
Press  of  M.I.T.  and  John  Wiley  and  Sons,  Inc.,  New  York  & London. 
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this  separation  in  the  required  time  is  in  the  order  of  15,000  lbs.  The 
application  of  these  two  widely  different  force  levels  is  achieved  in  a 
binary  switching  valve-actuator  by  using  a staged  actuation  piston.  The 
400  lb  force  piston  is  carried  inside  the  15,000  lbs  force  piston.  There  are 
"squish"  volumes  at  all  ends  of  piston  travel  to  minimize  shock  loading.  The 
"squish"  volume  is  obtained  by  configtiring  the  pistons  so  that  a volume  of 
fluid  is  trapped  and  pumped  through  a leakage  path  as  the  piston  nears  its 
end  of  travel.  The  damping  obtained  from  this  protects  the  parts  as  well  as 
preventing  the  contactors  from  flying  apart  when  they  close. 

The  basic  advantages  of  the  staged  piston  arrangement  are: 

1.  Power  consumption  is  minimized  since  the  big  piston 
moves  only  through  a short  stroke  while  the  small  one 
covers  most  of  the  travel. 

2.  A binary-open  loop  actuator  can  be  used.  A rise  time 
of  2 millisec  implies  a closed  loop  bandwidth  of  the 
order  of  1000  rad/sec.  There  are  many  spool  valve 
instability  problems  encountered  over  that  frequency 
range.  The  bad  effects  on  performance  are  avoided 
completely  by  an  open  loop  system. 

3.  Electrode  weau:  compensation  is  easily  built  into 
the  arrangement. 

The  disadvantages  of  additional  sealing  and  complexity  due  to  the 
presence  of  the  extra  piston  are  not  significant.  The  sealing  problems  are 
minimized  through  the  use  of  clearance  seals  in  the  piston.  That  is:  the 
parts  are  matched  to  a very  close  tolerance  so  that  leaUcage  is  minimal  and 
no  elastomer  is  required.  This  is  a technique  which  has  been  proven  over 
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the  past  20  years.  There  is  additional  complexity  for  manufacture;  however, 
all  the  surfaces  to  be  close  matched  are  cylindrical  and  the  machining  pro- 
blems are  straightforward.  Precision  actuators  and  spool  valves  of  this 
type  have  been  mass  produced  for  airborne  hydraulic  systems  for  over  20  years. 

Schematics  of  the  valve-actuator  are  shown  in  Figure  21. 

22.  The  materials  to  be  used  are  yet  to  be  chosen.  For  the  actuator  and 
spool  valves,  a hard,  stable  material  like  tool  steel  is  most  desireUsle  from 
a machining  standpoint;  however,  a hard  stainless  steel  such  as  440C  stain- 
less may  be  needed  for  corrosion  resistance.  The  impact  characteristics  must 
also  be  considered  in  the  choice.  The  weight  estimate  of  15  lb  (per  Appendix 
C-5.2)  is  based  on  the  assumption  that  the  entire  valve-actuator  assembly  is 
steel.  This  permits  the  bushings  of  the  intermediate  and  power  stages  to  be 
installed  with  no  internal  elastomer  seals.  The  seal  is  obtained  by  an 
interference  fit  between  the  bushing  and  the  housing.  An  alternative 
method  is  to  use  aluminum  for  the  housing  and  use  internal  static  seals. 

This  alternative  method  permits  a lighter  weight  design.  Thus  the  15  lb 
based  on  a steel  housing  is  pessimistic. 

3. 3. 3. 2 Design  and  Analysis  of  The  Actuation  Mechanism 

A design  and  analysis  of  the  actuation  mecheinism  was  performed. 

The  design  information  is  shown  in  Appendices  Cl  and  C2.  The  analysis  by 
digital  computatirn  is  shown  in  Appendices  C3  and  C4  for  an  actuator  opera- 
ting at  5 pulses  per  second  and  also  at  20  pulses  per  second. 

The  design  was  based  on  incompressible  flow  with  an  additional 
lag  time  added  to  account  for  compressibility.  This  is  only  an  approximation 
but  the  results  corresponded  reasonably  well  to  the  detailed  analysis  which 


included  compressibility  effects.  The  switch  opening  time  is  the  At  be- 
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ginning  when  the  power  spool  crosses  center  and  ending  when  the  small  piston 
(which  is  connected  to  the  contact)  clears  .5".  The  opening  time  is 
1.85  millisec  per  Figure  C-10. 

There  is  a set  of  high  response  accumulators  located  at  the  inlet 
and  outlet  ports  of  the  valve.  These  provide  the  flow  to  operate  the  valve 
each  pulse.  They  have  the  property  that  the  supply  pressure  is  continually 
dropping  as  the  actuation  progresses  as  can  be  seen  in  the  first  10  milli- 
seconds of  Figure  C-18.  Thus  the  closing  forces  are  reduced  to  about  half 
the  opening  forces  since  the  supply  pressure  seen  by  the  valve  is  reduced  to 
about  2500  psi.  This  is  favorable  since  the  lower  closing  forces  will  reduce 
the  overall  impact  problems  vrfien  the  contacts  meet  and  insure  that  the  squish 
volumes  can  dissipate  the  kinetic  energy.  There  is  no  response  time  problem 
since  the  closing  time  is  much  longer  than  the  opening  time.  The  opening  and 
closing  response  characteristics  shown  in  Figures  C-10  and  C-11  include  the 
effects  of  this  accvimulator  pressure  drop. 

3. 3. 3. 3 Comments  On  The  Hardweure  Design  and  Design  Process 

During  the  final  design  stages  of  a system,  some  changes,  usually 
small,  occur  due  to  problems  encountered  in  the  mechanical  design.  The 
policy  on  this  job  will  be  to  use  the  simulations  to  keep  track  of  any  impact 
on  performance  a change  may  have.  An  overall  analog  simulation  will  be  used 
to  monitor  operation  of  the  switch  over  the  short  and  long  term.  The  feed 
system  analog  simulator  is  already  operational. 

Since  the  rate  of  stress  application  is  high,  the  impact  properties 
of  available  materials  will  be  carefully  considered  in  the  final  design.  The 
simulations  will  be  expanded  in  the  detail  of  the  trapped  fluid  volumes  to 
provide  accurate  structural  loading  information.  The  rapid  motions 
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of  this  mechanism  will  generate  considerable  acoustical  noise  and  this  area 
will  be  examined  to  insure  that  the  noise  is  minimized  to  make  the  lab  en- 
vironment as  comfortable  as  possible. 

The  high  response  accumulator  design  will  exploit  the  knowledge 

gained  in  the  bellows  design.  Each  accumulator  will  consist  of  a radial 
arrangement  of  bellows  in  a cylinder.  Each  bellows  will  contain  a trapped 
volume  of  gas.  The  high  response  is  obtained  since  the  bellows  have  little 
mass  and  there  is  little  fluid  restriction  through  the  accumulator. 

In  summary,  the  design  effort  will  be  a closely  controlled  effort 
exploiting  the  latest  techniques  available.  The  hardware  details  will  be 
incorporated  into  an  overall  analog  simulation  to  insure  the  performance 
requirements  are  met  for  both  short  and  long  bursts  of  pulsing  the  switch. 

3. 3. 3.4  Conclusions 

A satisfactory  hydraulic  actuation  mechanism  can  be  built  and  used 
in  this  application.  The  conclusions  of  this  Phase  I effort  with  regard  to 

the  actuation  mechanism  are: 

1)  Opening  time  requirements  can  be  met. 

2)  Simplicity  of  design  is  achieved  using  basic,  widely 
employed  types  of  hydraulic  components  and  techniques. 

This  insures  high  reliability. 

3)  The  contact  acceleration  force  (15,000  lbs)  and  the 
contact  holding  forces  (400  lbs)  can  be  adjusted  to 
considerably  different  values  during  the  design  phase 
with  no  significant  impact  on  cost  or  schedule. 

4)  The  damping  required  to  minimize  impact  forces  and  pre- 
vent rebound  of  the  contacts  can  be  easily  incorporated 
in  this  design. 
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5)  Allowance  for  contact  wear  is  easily  attained. 

6)  The  actuation  mechanism  will  be  small  and  light  weight. 

7)  The  mechanism  uses  a minimum  of  hydraulic  power  to 
complete  the  task.  The  use  of  two  pistons  with  two 
different  strokes  permits  optimum  distribution  of 
energy  into  acceleration  and  displacement  of  the 
contacts . 

8)  In  an  airborne  application,  aircraft  hydraulic  power 
operating  a hydraulic  transformer  can  be  used  to 
operate  the  actuation  mechanism. 

9)  The  actuation  unit  can  operate  at  the  high  electrical 
potential , and  the  hydraulic  power  supply  at  ground 
potential.  The  insulation  is  attained  by  a length 

of  liydraulic  hose. 

10)  The  supply  pressure  will  be  9500  psi  and  the  return 
pressure  100  psi.  The  flow  rate  is  48  cis  at  20  pps. 
The  leakage  flows  add  approximately  another  2 cis. 

Thus  approximately  34  hydraulic  horsepower  are  needed. 
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APPENDIX  A 


TIME  DEPENDENT  HEAT  FLOW  ANALYSIS  OF  THE  ELECTRODES 
Statement  of  The  Problem  and  Bovmdarv  Values 

This  appendix  summarizes  the  work  that  was  necessary  to  determine 
the  temperature  of  the  electrodes  of  the  switch  as  a function  of  time  and 
position  with  and  without  cooling  the  anode.  The  bulk  of  our  discussion  con- 
cerns the  solid  (uncooled)  electrodes  in  which  case  the  temperature  was  de- 
termined for  300  cycles  of  operation  of  the  switch.  The  alterations  necessary 
to  include  cooling  in  the  analysis  appear  later  in  the  appendix. 

The  idea  was  to  solve  the  heat  equation  in  the  electrodes  for  the 
following  three  distinct  cases  which,  collectively,  constitute  one  cycle  of 

operation  of  the  switch. 

Case  (1)  : 0 ^ time  ^ 190  msecs 

The  electrodes  are  in  contact  and  current  is  flowing 

according  to  the  rule  I(t)  = (2x10^  amps) t/. 19  secs. 

Case  (2) ; 190  msecs  ^ time  ^ 192  msecs 

The  electrodes  are  separated  and  an  arc  is  sustained 
at  the  peak  current  of  2x10^  amps.  The  arc  voltage 
is  assumed  to  be  40  volts. 

Case  (3) ; 192  msecs  < time  ^ 200  msecs 

The  electrodes  remain  separated  and  the  current  is 

zero. 
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The  general  expression  for  the  heat  equation  is 
3u 

c = V • (kVu)  + s(u) 


(A.l) 


where  u is  temperature,  and  S is  a heat  generation  term.  When  cylindrical 


symmetry  is  imposed,  Eq.  (A.l)  becomes 

c p -^  = iii  4.  iii  in.  k 3u  , su.  , a^u 

i at  3r  ar  ^ az  az  r ar  ^ ar  ^ FT 

z 


(A. 2) 


We  solve  this  equation  where  the  thermal  conductivity  k is  considered  radially 
constant.  The  detailed  equations  with  boundary  conditions  as  we  have  solved 
them  are  listed  next. 


C.  (u)  p.  au 

" aT 


in  4.  V /„»  / 1 ^ a^u\  a\ 


(A. 3) . 


where  i = 1 refers  to  the  plate  in  the  sketch  below  and  i = z labels  the  rod. 
Eq.  (A.3)j^  is  solved  in  the  domain  ^UiL 


Dj  ■ ^(r,2,t)  !0^r£rj,0£2^a,t^(^ 
and  Eq.  (A.l)^  in  the  domain 

u(r,Z,0)  * fj^(r,Z)  (0_<r^rj^ ,O^Z^a) 


u(r,Z,0)  ■ f2(r,Z)  (O^r^r^ ,a^Z^b) 


(Initial  Conditions) 


(A. 4) 


u(r,a-,t)  = u(r,a+,t)  (0<r<r,,t>0) ] , 

2 — I (Connecting  Relations 

r at  the  Interface  (A. 5) 

,^(r»3“»t)  _ a^(r,a+,t)  (0<r<r_,t>0)  J between  Regions  (1) 

■ 2 3Z  ^ and  (2)) 


J 


0 


(O^Z^a.t^O) 


(Insulating 

Boundary 

Conditions) 


3u(r^  ,Z  ,t) 
3r 


3u(r ,a,t) 
3Z 

3u(r^,Z,t) 

3r 


= 0 (r2lrlr^,t^0) 


= 0 (a^Z^b,t^O) 


u(r,b,t)  = Uq  (0<r<T2,t>0) 


(End  Condition^ 


(A. 6) 


(A. 7) 


Conditions  at  Electrode  Faces: 

(e  i„d«:<cs  the  electrode,  e - 1 eorreeponds  to  the  anode  and  t - 2 to  the 
cathode.  This  index  frequently  appears  as  a supetsctipt.) 

Case  (1) : (0<t<.19  secs.) 


i = 


where 


I^(t)R_ 

c C 

r » 

^ Area 


(2-c)u 


3-c 


c 3-e 
u ♦u 


(e-Du 

3-c 

u +u 


J 


e t 3-e.  3-£ 
2^32  ’gl  32 


(A. 6) 


It  is  assumed  that  the  anode  lies  on  the  positive  side  of  the  Z-axis.  the 
convention  u^  means  = u.r.Ot.t,  and  - u(r,0-,t)  . B,  is  contact  resis- 

tance  between  the  electrodes  when  they  are  closed. 

Case  (2);  (.19  secs  lt<.192  secs) 


1 1 1 e,  2 _ 

-kt  3^  = ^ ° 

^ 3Z  9Z 

where  = J(t)-AV  = I (t),H 

Area 

and  AV  represents  the  arc  potential. 
Case  (3):  (.192<secs  <t<.2  secs) 


(A. 7) 


3u 

3Z 


= 0. 
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Some  general  coitments  on  the  boundary  and  initial  conditions  are 

in  order.  The  term  S^(u)  in  Eq.  (A. 3)^  accounts  for  heating  the  electrodes 

by  current  flow.  For  Cases  (1)  and  (2)  its  values  is  J.^(r,Z,t)/k  where 

1 e»i 

^^e,i  electrical  conductivity  of  material  i.  is  zero  for  Case  (3). 

The  initial  conditions  in  the  first  cycle  are  specified  by  “ ^2  “ '^o 
where  u^  = 300°K;  in  each  succeeding  cycle  f^^  and  f^  are  defined  by  the 
temperature  field  determined  by  the  previous  cycle.  Cooling  by  radiative 
transfer  has  a negligible  effect  on  the  temperature  field,  and  this  fact 
justifies  our  use  of  insulating  boundary  conditions.  The  time  rate  of  energy 
per  unit  area  that  flows  into  a medium  is  given  by  q.  In  Eq.(A.6)  q is  re- 
presented by  two  terms;  the  first  term  expresses  heating  caused  by  the  pre- 
sence of  contact  resistance  and  the  factor  enclosed  in  curly  buckets  weights 
the  flow  of  this  heat  into  the  electrodes  in  a fashion  that  depends  on  the 
electrode  temperatures.  The  second  term  in  Eq.(A.6)  accounts  for  heat  flow 
between  electrodes  when  they  are  in  contact  in  the  first  case  of  each  cycle. 

this  term  is  zero  but  in  succeeding  cycles  the  anode  becomes 
hotter  than  the  cathode  and  a net  flow  of  heat  occurs  between  the  electrodes, 
and  this  term  becomes  increasingly  important.  The  expression  for  q in 
Eq.(A.7)  is  by  far  the  largest  source  of  heat  in  the  system.  It  has  been 
expressed  in  terms  of  electron  flow;  Eq. (A. 7)  express  the  heat  input  to  the 
anode  caused  by  a stream  of  electrons  of  current  density  J that  give  up  their 
energy  at  the  anode  surface.  There  is  some  ion  flow  when  the  arc  is  sus- 
tained but  that  effect  has  been  neglected  here. 

The  thermal  quantities  and  transport  coefficients  are  considered 
temperature  dependent.  The  cgs  systems  of  units  has  been  employed  in  the 
calculations,  and  temperatures  are  expressed  in  °K.  The  plate  thicknesses  are 
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1 inch  each  and  their  diameters  are  4 inches.  The  rod  diameters  are  1 inch 


each  and  their  lengths  are  10  inches.  Both  electrode  plates  are  assumed  to 
be  CLR  and  the  rods  are  copper.  These  dimensions  are  simply  input  parameters 
in  the  computer  programs,  and  these  programs  can  accommodate  four  distinct 
materials  for  electrode  plates  and  rods. 

For  the  sake  of  computational  convenience  all  the  quantities  in- 
volved have  been  recast  in  dimensionless  form.  To  do  this  we  use  to 

represent  the  mean  (gQ(CLR) +g^ (Cu) ) /2  of  a physical  quantity  g whose  value 
at  room  temperature  is  g^.  is  a characteristic  distance  taken  to  be 
.04  cm  in  these  calculations;  u^  is  300°K.  The  transformations  are 

t=  tj 

C « Z/X„ 


C = r/X  , 

O 

The  functional  form  of  specific  heat  and  thermal  conductivity  are,  respec- 
tively, expressed  as  (T  and  K.  Dimensionless  temperature  is  w. 

A. 2 Numerical  Analysis 

It  was  supposed  that  temperature  variations  along  the  axial  direc- 
tion would  be  more  rapid  than  in  the  radial  direction.  For  this  reason  an 
implicit-type  finite  difference  method  was  applied  in  the  Z-direction  and  an 
explicit- type  was  reserved  for  the  radial  displacements  in  an  attempt  to 
solve  the  heat  equation.  The  difference  equation  in  dimensionless  variables 


is  given  as 


I 


U [w.  . ) (i-l)A^ 

^ [w.  . - - W.  . ] 

A 1,3, n+1  i,D,n 


AC(i-l) 

(AC 

u 


K (w.  , _) 
A^ 


U '"i , j ,n'  [W. , , . - w.  . ) 

1+1, 3, n i,3,n 


(i-l)K  (w.  . ) , _ , ,,  I 

+ U 1,1, n (w.  , . - 2w.  . + w . J 

1-1, 3, n i,3»n  i+l,3,n 


(i-l)A^K  (w.  . ) , _ , ,,  1 

H — '^i,j-l,n+l  ”i,j,n+l  i,j+l,n+l 

(AC^) 


+ S (w.  . ) (i-l)AC.  (A. 8) 

y i,3*n 

In  this  equation  y indexes  the  medium  (1)  or  (2)  and  is  the  dimensionless 

counterpart  of  S^.  The  radial  and  axial  displacements  are  indexed  by  i and 

j,  respectively;  n indexes  the  time  increment.  Eqs.  (A. 8)  must  be  solved  for 

w , w , and  w.  . The  coefficients  of  these  quantities 

i,j-l,n+l  i,j+l,n+l  i,3,n+l 

are  listed  in  the  tridiagonal  matrix  on  the  next  page. 
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Eq.  (A. 9)  has  been  solved  for  each  time  increment.  Non-linearities  are  in- 
troduced into  tl^e  problem  by  allowing  the  thermal  properties  to  be  time 
dependent.  This  poses  no  real  difficulty  as  Eqs.  (A. 8)  indicate;  these  func- 
tions are  evaluated  at  the  local  temperature  determined  in  the  previous  cycle, 
such  approximations  are  plausible  because  these  functions  are  slowly  varying 
with  temperature. 

Forward  differences  have  been  evaluated  throughout  this  analysis. 

A typical  boundary  condition 

3w  I _ (A. 14) 

H 'a  “ 

has  been  incorporated  as  follows:  Expanding  the  temperature  about  "a", 

j"l  . 3+1 

M X 

a I 

AC 


w(0  = w(a)  + la  * 


1 ifw 

* 2 3C2 


I . (AC)'^  + 0 ((AC)  ) 

O la 


i-St  1 = — t — [„(0  - w(a)  + G ACl  +0  (AC)  lA.iaj 

3c  (Aj;) 

Eq.  (A. 15)  replaces  the  next  to  the  last  term  in  Eqs.  (A. 8) j when  it  was 
appropriate  the  first  differences  in  Eqs.  (A. 8)  were  replaced  by  -G.  Similar 
expressions  to  these  were  used  for  boundary  conditions  expressed  by  radial 

derivatives . 

The  modus  operandi  for  numerical  calculations  follows:  The  first 

time  interval  (Case  (D)  is  divided  into  20  equal  intervals  of  length 
At  =9.5  msecs  each.  In  the  remaining  time  intervals  increments  of  length 
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At^  = 1 msec  each  At^  are  used.  After  time  At^^  the  initial  temperature  u^ 
is  used  and  Eq.  (A. 9)  is  solved  for  the  temperature  mesh  on  the  anode.  Main- 
taining the  use  of  u^,  a similar  temperature  calculation  is  performed  for  the 
cathode.  In  the  next  time  interval  the  initial  temperature  field  is  now  re- 
placed by  the  one  just  computed.  The  calculation  proceeds  in  this  fashion 
to  determine  the  temperature  field  after  a given  number  of  cycles.  For  a 
time  interval  n (n<20) , the  rms  current  given  by 


I At  /3n^-3n+l\^^^ 
I (n)  = max  1 f i 

.19  ( 3 j 


(A. 16) 


is  used  in  the  calculation. 


In  the  study  of  solid  electrodes  a mesh,  as  indicated  in  Figure  A-2, 
is  used  where  JM  = 21,  JM2  = 31,  IM2  = 3 and  IM  = 9.  The  x's  in  this  figure 
indicate  the  reference  points  for  temperatures  appearing  in  Tables  A-1 
through  A-12.  Also  Figure  A-3  illustrates  how  the  maximum  temperature  of 
the  electrodes  vary  with  the  number  of  cycles  for  0 to  300  cycles. 

An  important  phase  of  the  calculation  for  solid  electrodes  was 
checlced  against  a justifiable  theoretical  result.  From  Carslaw  and  Yeager's 
text  (Conduction  of  Heat  In  Solids,  Oxford,  1959),  page  75,  the  temperature 


at  the  surface  of  a semi-infinite  solid  is 


u(t)  = 


(-) 


(A. 17) 


where  )<  is  the  medium's  thermal  conductivity,  a is  its  diffusivity  and  u^ 
its  initial  temperature.  This  equation  supposes  the  material  to  be  subject 
to  a constant  fl\ix  of  power  JAV  for  t secs.  Our  machine  program  was  compared 
to  this  result  for  the  following  case.  Assuming  the  electrode  is  copper, 
the  temperature  of  the  surface  element  of  thickness  A?  is  determined  in  a 
time  At  * 2 msec.  Similarly,  the  temperatures  of  surface  elements  were  com- 


puted  for  element  thickness  of  2AC/3,  AC/2  a.  d 2.U/5.  A second  degree  least 

square  fit  of  temperature  vs.  incremental  thi  ' less  was  established  and 

trapolated  to  thickness  0.  The  temperature  at  that  point  was  434. 1°K  where 

j - 2x10^  amp/(2.54)^  fcm^  and  AV  = 40  volts.  For  these  physical  parameters 

0 

Eq.  (A. 17)  gives  the  value  u(At)  = 435.6  K. 

The  mesh  of  points  for  which  the  cccl-d  anode  calculations  were 

performed  appears  in  Figure  A-4.  In  this  calculation  the  integers  used  to 
define  the  mesh  sizes  are 

(IM,IM2,JM,JM2)  » (17,5,21,31)  (A. 18) 

and  the  indices  used  to  determine  the  interface  between  solid  and  liquid 

media  are 

(IF1,IF2,JF1,JF2)  « (3,15,6,16).  (A. 19) 

The  x's  in  Figure  A-4  indicate  the  positions  for  which  temperature  are  tabu- 
lated in  Tables  A-13  through  A-17.  The  heat  flew  across  the  interface  be- 
tween solid  and  coolant  is  determined  by 


-k  — 
3n 


h (u-u^) 


(A. 20) 


where  u^  is  fluid  temperature,  h is  the  heat  transfer  coefficient,  k is  the 
thermal  conductivity  of  the  solid  medium  and  3/«>n  indicates  a normal  deri- 
vitive.  Eq.  (A. 20)  was  used  in  the  nth  time  increment  where  u indicates 
the  temperature  in  the  (n-1)’'^  time  increment  for  a specific  coordinate 
(i,j).  The  increase  in  fluid  temperature  was  estimated  at  the  end  of  each 
cycle.  If  t - .2  secs,  the  length  of  a cycle,  the  temperature  change  of 

the  fluid  is  given  by 


Au 


£ ■ 'ff=£''£>’^  ' '=■*’  I 'V“P‘V"c> 


(A. 21) 
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where  H = 


f h E(u  -u°)  Aa  was  the  heat  added  to  the  fluid  inside  the 
k k f k 


metal;  the  sum  in  this  expression  involves 
a local  temperature  assumed  to  be  reasonably 


constant  over  an  area  Aa^^. 


The  areas  used  in  this  calculation  are  indicated  in  Figure  A-4  by  (1) , (2) , 

(3)  and  (4).  Two  calculations  were  performed  for  H = We  have  included 

in  Tables  A-13  through  A-17  the  physically  more  interesting  case  where 
= 0,  for  a system  with  one  gallon  of  coolant. 

The  curves  in  Figure  A-5  illustrate  the  maximum  temperatures  for 
cooled  and  uncooled  anodes  as  functions  of  the  momber  of  cycles  of  operation. 
The  curve  for  the  cooled  anode  was  quadratically  fit  i’l  the  region  of  20  to 
50  cycles  and  this  result  was  extrapolated  (dashed  curve)  to  300  cycles  using 
a (1,1)  Fade'  approximant.  This  extrapolation  can  he  justified  reasonably 
well  from  a physical  standpoint. 

The  main  programs  for  these  calculations  are  listed  at  the  end  of 
this  section.  SW2  refers  to  the  calculations  for  solid  electrodes  and 
SWFLOW  to  those  for  a cooled  anode.  A program  flow  chart  appears  on  the  next 
page.  Each  tape  in  this  procedure  contains  the  I’s  and  J's  depicting  mesh 
sizes,  overall  electrode  dimensions,  maximum  temperatures,  and  complete  tem- 
perature fields  for  the  anode  and  the  cathode.  SWITCHIN  is  a short  program 
used  to  define  an  initial  data  tape,  and  EHJPLOT  (or  FLWPLOT  in  the  cooled 
electrode  case)  is  used  to  plot  the  results  appearing  in  the  tables  at  the 
end  of  this  section. 


H 
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PRO^RAm 


Wrihs 
inlHaL 
Upe  / 


A 


SWITCH  DIMFJNSIONS  FOLLOW 

PLATE  AND  ROD  RADII  (CMS)-  5*08  1*87 

PLATE  THICKNESS  AND  ROD  LENGTH  (CMS)-  2»5A  25»A0 

NUMBER  OF  CYCLES  IS  5 

PLATE  TEMPS  LISTED  NEXT  FOR 

IHE  ANODE 

mx  ANODE  TEMP  IS  384.0 


384.0 

310*3 

302*1 

300*3 

300*1 

384.0 

310.3 

302*1 

300*3 

300*1 

384.0 

310.3 

302*1 

300*3 

300*1 

384.0 

310*3 

302*2 

300*5 

300*9 

384*0 

310*3 

302*2 

300*6 

301  *2 

HDD  TEMPS  1 

LISTED  NEXT 

FOR 

IHE  ANODE 

300*9 

302*4 

302*4 

302*4 

302.4 

301*8 

302*4 

302*4 

302*4 

302*4 

JT.ATE  T EMI’S 

LISTED  NEXT  FO:l 

ni'i:  CATnoi.ts 

0 AT^-lOU!*: 

lEMi*  ISi 

3 1 S . 2 

3'16*6 

301*2 

300*2 

300*1 

318.2 

306.6 

301.2 

300.2 

300.1 

318*2 

306*6 

301.2 

300*2 

300*1 

318.8 

306.6 

301  .2 

300.4 

300.9 

318*2 

306*6 

301  *3 

300*4 

301  *2 

ROD  TEMPS  LISTEJ)  NEXT 

FOR 

THE  CATHODE 

300*9 

302*4 

302*4 

302*4 

302*4 

301*2 

302*4 

302*4 

302*4 

302*4 

300.0 

300.0 


300*0 

300.0 


Te6U  A-1 


FC 


i 


I 


5 


9y>^lTCH  niMP'.Nf.  lO.MS  FOLLOW 

PLATE  AND  ROD  RADII  (CMS)»  5»0«  1 'e? 

PLATE  THICKNESS  AND  ROD  LENGTH  (CMS>«  2*5A  25. AO 

NJMBER  OF  CYCLES  IS  10 
PLATE  TEMPS  LISTED  NEXT  FOR 
THE  ANODE 

fftX  ANODE  TEMP  IS  396.7 


396.7 

321.5 

306*3 

302.7 

301  *3 

396.7 

321*5 

308.3 

302*7 

301  .3 

396.7 

321.5 

308*3 

302*8 

301  *4 

396.7 

321.5 

308*4 

303*0 

302*1 

396.7 

321  .5 

308*4 

303*1 

302*3 

ROD  TEMPS 

LISTED  NEXT 

FOR 

IHE  ANODE 

30P.  1 

30A.R 

30A.0 

304.9 

304.8 

302.3 

3QA.8 

304.9 

304*9 

304.8 

PLATE  TEMPS 

LISTED  NEXT  FOR 

IHE 

CATHODE 

mx 

CATHODE 

TEMP  IS 

330*7 

330*7 

315*8 

305*7 

301*8 

300*8 

330*7 

315*8 

305*7 

301.8 

300*8 

330*7 

315*8 

305*8 

301  *8 

300*9 

330*7 

315*8 

305*9 

302*1 

301  *8 

330*7 

315*9 

305*9 

302*3 

302*1 

ROD 

TEMPS  LISTED  NEXT 

FOR 

IHE 

CATHODE 

304*8 

301*8 

304*8 

304*9 

304*9 

302*1 

304*8 

304*9 

304*9 

304*8 

300.0 

300.0 


300*0 

300.0 


A~Z  I 


100 


t 


SWITCH  DIMENSIONS  FOLLOW 
PLATE  AND  ROD  RADII  <CMS>-  5 
plate  THICKNESS  AND  ROD  LENGTH 
NUMBER  OF  CYCLES  IS  15 
PLATE  TEMPS  LISTED  NEXT  FOR 
1HE  ANODE 

»X  ANODE  TEMP  IS  406-3 

406-2  330-5  31A-8 

406-2  330-5  314-8 

406-3  330-5  314-9 

406-3  330-5  315-0 

406-3  330-6  315-0 


>08  1-27 

<CMS)»  8 


306-9 

306-9 

306- 9 

307- 1 
307-1 


54  25-40 


304< 
304  > 
304 
304 
304 


5 

5 

>6 

.7 

‘7 


HDD  TEMPS  LISTED  NEXT  FOR 


IHE  ANODE 
304-7 
304-7 

307-2 

307-2 

307-3 

307-3 

307-3 

307-3 

307-1 

307-1 

300-0 

300-0 

FLATE  TEMPS 

LISTED  NEXT  FOR 

IHE  CATHODE 
PAX  CATHODE 
340-2 
340-2 
340-3 
340-3 
340-3 

TEMP  IS 
323-8 
323-9 
323-9 
323-9 
323-9 

340-3 

311-1 

311-1 

311-2 

311-3 

311-3 

304-9 

304- 9 

305- 0 
305-3 
305-4 

303-1 

303-1 

303-2 

303-7 

303-9 

rod  temps  LISTED  NEXT 

FOR 

THE  CATHODE 
303-7 
303-9 

307-2 

307-2 

307-3 

307-3 

307-3 

307-3 

307-1 

307-1 

300-0 

300-0 

»ITCH  DIMENSIONS  FOLLOW 

H-ATE  and  rod  radii  (CMS)-  5.08  1.07 

plate  temps  listed  next  for 

THE  ANODE 


ANODE  TEMP  IS 
AI4.2  338.3 

414.3  338.3 

414.3  338.3 

414.3  338.4 

414.3  338.4 


414.3 

321.3  312.0 

321.4  312.0 

321.4  312.0 

321.4  312.0 

321.4  311.9 


25.40 


309.0 

309.0 

309.1 
308.6 
308.4 


POD  TEMPS  LISTED  NEXT  FOR 
THE  ANODE 


308.6 

308.4 

309. 5 

309.5 

309.7 

309.7 

309.7 

309.7 

309.3 

309.3 

300.0 

300.0 

plate  temps 

THE  CATHODE 
fftX  CATHODE 
348.3 
348.3 

348.3 

348.4 
348.4 

LISTED  NEXT  FOR 

temp  is  348.4 
331.0  316.7 

331.0  316.7 

331.1  316.8 

331.1  316.9 

331.2  316.9 

309.0 

309.1 

309.1 

309.2 

309.3 

306.7 

306.7 

306.8 
306.8 
306.8 

ROD  TEMPS  LISTED  NEXT 
THE  CATHODE 

for 

306.8 

306.8 

309.5 

309.5 

309.7 

309.7 

309.7 

309.7 

309.3 

309.3 

300.0 

300.0 
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WITCH  DIMENSIONS  FOLLOW 

PLATE  AND  ROD  RADII  <CMS>*  5«08 

SIte  thickness  and  rod  length  <cms> 

NUMBER  OF  CYCLES  IS  30 

flate  temps  listed  next  for 


I .07 

• e*54 


the  anode 
mx  anode  temp  is 

428*0  352*8 
428*1  352*2 
428*1  352*2 
428*1  352*8 
428*1  358*8 


488*1 

334*1  383*6 
334*1  383*6 
334*1  323*5 
334*0  383*0 
333*9  388*8 


25*40 


320*1 

380*1 

380*0 

318*6 

318*0 


K)D  TEMPS  LISTED  NEXT  FOR 


the  anode 

318*6 

318*0 

314*3 

314*3 

314*5 

314*5 

314*5 

314*5 

313*4 

313*4 

plate  temps 

LISTED  NEXT  FOR 

the  cathode 

mx  CATHODE' 
368*8 
362*3 
362*3 
368*3 
368*3 

TEMP  IS 

344*0 

344*1 

344*1 

344*1 

344*1 

368*3 

388*1 

328*1 

388*1 

328*1 

388*1 

318*9 

318*9 

318*9 

318*7 

318*6 

315*9 

315*9 

315*9 

315*1 

314*8 

WDD  TEMPS  LISTED  NEXT 

FOR 

THE  CATHODE 
315*1 
314*8 

314*8 

314*8 

314*5 

314*5 

314*5 

314*5 

313*4 

313*4 

A-5 


lO"^ 


300*0 

300*0 


300*0 

300*0 


r 


SWITCH  DIMENSIONS  POLLOV 

n-ATE  AND  ROD  RADII  CCHS>«  5.08  1.27 

PLATE  THICKNESS  AND  ROD  LENGTH  CCMS>-  2.54  25.40 


NUMBER  OF  CYCLES  IS  40 
ILATE  TEMPS  LISTED  NEXT  FOR 
THE  ANODE 


mx  ANODE  TEMP  IS  440.5 

440.5 

365.0 

346.7 

335.7 

332.1 

440.5 

365.0 

346.6 

335.7 

332.1 

440.5 

364.9 

346.5 

335.5 

331  .9 

440.4 

364.8 

346.2 

334.7 

329.7 

440 .4 

364.8 

346.1 

334.3 

328.8 

ROD  TEMPS  LISTED  NEXT 

FOR 

1HE  ANODE 

329.7 

319.5 

319.4 

319.3 

317.3 

328.8 

319.5 

319.4 

319.3 

317.3 

PLATE  TEMPS 

LISTED  NEXT  FOR 

THE  CATHODE 

M^X  CATHODE 

TEMP  IS 

374.9 

374.9 

356.2 

339.5 

329.7 

326.5 

374.9 

356.2 

339.5 

329.7 

326.5 

374.9 

356.2 

339.5 

329.6 

326.4 

374.8 

356.1 

339.3 

329.1 

324.9 

374.8 

356.1 

339.2 

328.8 

324.3 

HDD  TEMPS  LISTED  NEXT 

FOR 

THE  CATHODE 

324.9 

319.1 

319.3 

319.3 

317.3 

324.3 

319.1 

319.3 

319.3 

317.3 

300.0 

300.0 


300.0 

300.0 


Toi>le  A~6 


lOk 


SWITCH  DIMENSIONS  FOLLOW 

PLATE  AND  ROD  RADII  (CMS)-  5«08  1*87 

PLATE  THICKNESS  AND  ROD  LENGTH  (CMS)-  2*54 

NUMBER  OF  CYCLES  IS  50 

PLATE  TEMPS  LISTED  NEXT  FOR 


THE  ANODE 
mx  ANODE  TEMP  IS 

452*5  377*3 
452*4  377*3 
452*4  377*2 
452*2  376*9 
452*2  376*9 


452*5 

359*0  348*0 
358*9  347*9 
358*7  347*6 
358*3  346*5 
358*1  346*0 


25*40 


344*3 

344*3 

343*9 

341*1 

340*1 


ROD  TEMPS  LISTED  NEXT  FOR 


THE 

ANODE 

341*1 

325*  1 

324*2 

324*0 

320*9 

340*1 

325*1 

324*2 

324*0 

320*9 

PLATE  TEMPS 

LISTED  NEXT  FOR 

THE 

CATHODE 

mx 

CATHODE 

TEMP  IS 

387*0 

387*0 

368*0 

351  *0 

341*0 

33  7*6 

387*0 

368*0 

351*0 

340*9 

337*6 

386*9 

367*9 

350*9 

340*7 

337*3 

386*8 

367*8 

350*5 

339*9 

335*2 

386*7 

367*7 

350*4 

339*5 

334*4 

ROD 

TEMPS  LISTED  NEXT 

FOR 

THE 

CATHODE 

335*2 

324*3 

324*2 

324*0 

320  *9 

334*4 

324*3 

324*2 

324*0 

320*9 

300*0 

300*0 


300*0 

300*0 


Table.  W-7 
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I 


I 

I 


( 


SWITCH  DIMENSIONS  FOLLOW 

PLATE  AND  ROD  RADII  (CMS)*  5*08  1*27 

PLATE  THICKNESS  AND  ROD  LENGTH  (CMS)-  2*54  25.40 

(UMBER  OF  CYCLES  IS  100 

PLATE  TEMPS  LISTED  NEXT  FOR 

1HE  ANODE 

mx  ANODE  TEMP  IS  509*6 


509*6 

436*1 

418*1 

407*3 

403*7 

, 509*5 

436*0 

417*9 

407*1 

403*5 

509*1 

435*6 

417*4 

406*4 

402*7 

508*7 

435*0 

416*4 

404*4 

398*3 

{ 508*6 

434*8 

416*1 

403*7 

396*8 

’ HDD  TEMPS  LISTED  NEXT 

FOR 

i THE  ANODE 

398*3 

360*6 

351  *7 

348*3 

337*5 

{ 396*8 

360*6 

351  *7 

348*3 

337*5 

f FLATE  TEMPS 

LISTED  NEXT  FOR 

THE  CATHODE 

VKX  CATHODE 

TEMP  IS 

445*2 

445*2 

425*6 

408*0 

397*6 

394*1 

445*1 

425*5 

407*9 

397*4 

393*9 

444*7 

425*1 

407*5 

396*8 

393*2 

1 444*3 

424*6 

406*  6 

395*1 

389*4 

f 444*2 

424*4 

406*3 

394*4 

388*1 

300.0 

300*0 


HDD  TEMPS  LISTED  NEXT  FOR 
THE  CATHODE 

389.4  357.9  351*1  348*2  337*5  300*0 

388*1  357*9  351*1  348*2  337*5  300*0 


Tcr6/^ 


WITCH  DIMENSIONS  FOLLOW 

plate  and  rod  radii  <CHS>-  5.08 

PLATE  THICKNESS  AND  ROD  LENGTH  (CMS)-  8*54 
NUMBER  OF  CYCLES  IS  150 
PLATE  TEMPS  LISTED  NEXT  FOR 
1HE  ANODE 

IS  564.4 
492.8  474*3 

492.0  474*1 

491.5  473*4 

490*8  478*8 

490*5  471*8 


85*40 


mx  ANODE  TEMP 
564*4 
564*2 
563*8 
563*8 
563*0 


463*6 

463*4 

468*5 

460*1 

459*8 


ROD  TEMPS  LISTED  NEXT  FOR 
THE  ANODE 

453*6  402*2  382*7 

451*8  402*2  382*7 


378*3 

378*3 


PLATE  TEMPS  LISTED  NEXT  FOR 
THE  CATHODE 
mx  CATHODE  TEMP  IS 
501*2  481*3 

501*0  481*2 

500*6  480*6 

500*0  479*9 

499*8  479*7 


501*2 

463*7 

463*5 

468*8 

461*7 

461*3 


453*1 

452*9 

452*1 

449*9 

449*0 


ROD 

THE 


TEMPS  LISTED 
CATHODE 


NEXT  FOR 


443*7 

448*0 


397*8 

397*8 


381*3 

381*3 


378*0 

378*0 
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460*1 
459*8 
458*8 
453*6 
451  *8 


351  *9 
351  *9 


300*0 

300*0 


449*6 

449*4 

448*4 

443*7 

442*0 


351*8 
351  *8 


300*0 

300*0 


FOR 


»ITCH  DIMENSIONS  FOLLOW 
FLATE  AND  ROD  RADII  (CMS)-  5, 
HATE  THICKNESS  AND  ROD  LENGTH 
WMBER  OF  CYCLES  IS  800 

plate  temps  listed  next 
IHE  anode 

mx  ANODE  TEMP  IS  617t_ 

546. A 588.6 

546.8  588.4 

545.6  587.6 

544.8  586*8 

544.5  585.7 


ANODE  TEMP 
617.5 
617.3 
616*8 
616*1 
615.9 


08 


1 *87 


(CMS)-  8.54  85*40 


517. 

517. 

516. 

514. 

513. 


9 

6 

6 

0 

0 


514.3 
514*1 
518.9 

507.3 
505*3 


ROD  TEMPS  LISTED  NEXT  FOR 
IHE  ANODE 

507*3  446*5  416*6 

505*3  446*5  416*6 


396.7  365.3 

396.7  365.3 


PLATE  TEMPS 
THE  CATHODE 
mx  CATHODE 
555.4 
555*8 
554*7 
554.0 
553*8 


LISTED  NEXT  FOR 


TEMP  IS 
535*4 

535.8 

534*6 

533.8 
533*6 


555*4 

517.7 
517.5 

516.7 
515.4 
515.0 


HOD  TEMPS  LISTED  NEXT  FOR 
THE  CATHODE 

497.0  441*0  414*3 

495.1  441.0  414.3 


507*1  503*6 
506.9  503*3 
505*9  508*8 
503*4  497*0 
508*5  495*1 


396*0  365*8 

396*0  365*8 
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300*0 

300*0 


300*0 

300.0 


SWITCH  DIMENSIONS  FOLLOW 
IU\TE  AND  ROD  RADII  (CMS)-  5.08 
TU\TE  THICKNESS  AND  ROD  LENGTH  (CMS) 
NUMBER  OF  CYCLES  IS  850 
PLATE  TEMPS  LISTED  NEXT  FOR 
THE  ANODE 


1*87 


G*54  85*40 


mX  ANODE  TEMP 
669*0 
668*6 
668*3 
667*6 
667*4 


IS  669< 

599*0 

598*8 

598*1 

597*8 

596*9 


581*8 

580*9 

580*1 

578*6 

578*8 


570*5 

570*8 

569*1 

566*4 

565*4 


566*9 

566*6 

565*4 

559*6 

557*6 


rod  temps  LISTED  NEXT 
1HE  ANODE 

559*6  498*8 

557*6  498*8 


FOR 


458*4 

458*4 


481*9 

481*9 


378*7 

378*7 


300*0 

300*0 


PLATE  TEMPS 

LISTED  NEXT  FOR 

WE  CATHODE 

mx  CATHODE 

TEMP  IS 

608*0 

608*0 

587*9 

570*8 

559*6 

607*8 

587*7 

570*0 

559*4 

607*3 

587*1 

569*8 

558*3 

606*5 

586*8 

567*8 

555*7 

606*3 

586*0 

567*3 

554*7 

ROD  TEMPS  LISTED  NEXT 

FOR 

WE  QATHODE 

549*1 

485*9 

449*4 

480*7 

547*8 

485*9 

449*4 

480*7 

556*1 

555*8 

554*6 

549*1 

547*8 


378*3 

378*3 


300*0 

300*0 
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- ■- 


a/ITCH  DIMENSIONS  FOLLOW 
RATF.  AND  ROD  RADII  (CHS)>  5 
RATE  THICKNESS  AND  ROD  LENGTH 
NUMBER  OF  CYCLES  IS  300 
R-ATE  TEMPS  LISTED  NEXT  FOR 
THE  ANODE 


mx 

ANODE  TEMP  IS  719.8 

719.8 

650.1 

638.3 

719.0 

649.9 

638.0 

718.4 

649.8 

631  .8 

717.7 

646.3 

689.7 

717.5 

648.0 

689.8 

ROD 

TEMPS  LISTED  NEXT 

FOR 

THE 

ANODE 

610.7 

538.6 

489.6 

608.6 

536.6 

469.6 

R-ATE  TEMPS 

LISTED  NEXT  FOR 

THE 

CATHODE 

mx 

CATHODE 

TEMP  IS 

659.3 

659.3 

639.0 

681.3 

659.1 

636.6 

681.1 

658.4 

636.8 

680.3 

657.7 

637.3 

616.8 

657.5 

637.0 

618.4 

ROD  TEMPS  LISTED  NEXT  FOR 
THE  CATHODE 

600.1  531.6  A85.8 

598.1  S31.6  465.8 


08  1.87 

(CMS>-  8.54  85.40 


681.6  618.1 

681.3  617.8 

680.8  616.5 

617.5  610.7 

616.4  608.6 


448.0  398.8  300.0 

448.0  398.8  300.0 


610.7  607.8 

610.5  606.9 

609.4  605.7 

606.7  600.1 

605.7  596.1 


446.8  391.6  300.0 

446.8  391.6  300.0 


Tai?/e 


no 


1 

f2l 


q^'lTCH  I'l.vJKiNJSIO.NJS  FOLLOW 

PLATE  AND  ROD  RADII  (CMS)-  5.08  1.87 

PLATE  THICKNESS  AND  ROD  LENGTH  (CMS)-  8.54  85.40 


NHMDER  OF 

CYCLES  IS  10 

PLATE  TEMPS  LISTED  NEXT  FOR 

THE  ANODE 

mX  ANODE 

TEMP  IS  408*0 

FLUID  TEMP-  300.3 

398.3 

346.9  330.6 

383*8 

309.5 

303.9 

303.0 

308.6 

398.5 

347.1  330.9 

383.4 

309.4 

303.8 

303.0 

308.6 

399.  1 

347.8  331.8 

384.0 

308.9 

303.6 

308.8 

308.5 

401*4 

350.5  336.0 

331.1 

300.3 

308.8 

308.9 

303*0 

408.0 

351.1  336.7 

331  .8 

300.3 

306.6 

306.9 

307.1 

401*9 

351.1  336.7 

331  .7 

300.3 

31.3.7 

314.0 

311.1 

40  1 . 9 

351.1  336.7 

331  .7 

300 . 3 

314*8 

314.9 

31 1 *1 

401*9 

351.1  336.6 

3.31  .7 

300.3 

314.4 

314.6 

310.9 

401*9 

351.1  336.6 

331  .7 

300.3 

300.3 

300.3 

300.3 

HDD  TEMPS 

LISTED  NEXT  FOR 

THE  ANODE 

31  1 . 

1 307.9 

307.9 

307.9 

307.8 

300 

.0 

311. 

1 307.9 

307.8 

307.8 

307.7 

300 

.0 

310. 

9 307.8 

307.7 

307.7 

307.6 

300 

.0 

300. 

3 300.3 

300.3 

300.3 

300.3 

300 

.0 

PLATE  TEMPS  LISTED  NEXT  FOR 
THE  CATHODE 


mx  CATHODE 

: TEMP 

IS  334. 

1 

331.9 

389.8 

388.9 

316*3 

305.9 

301.8 

301  .8 

300.8 

332.0 

389.9 

383.0 

316*3 

305.9 

301  .8 

301  .8 

300.8 

338.3 

330.8 

383.8 

31  6.4 

305.9 

301  .8 

301  .8 

300.8 

333.7 

331*4 

383.9 

316*8 

306.0 

301  .8 

301  .8 

300.8 

334.1 

331  .7 

384.1 

317.0 

306.0 

301  .9 

301  .8 

300.9 

334.1 

331.7 

384.1 

317.0 

306.1 

308.1 

301  .5 

301.5 

334.1 

331.7 

384.1 

317.0 

306.1 

308.8 

301  .7 

301  .8 

334.1 

331.7 

384.1 

317.0 

306.8 

308.8 

301  .8 

301  .9 

334.1 

331.7 

384.1 

317.0 

306.8 

308.3 

301.8 

308.0 

HOD  TEMPS  LISTED  NEXT  FOR 
THE  CATHODE 


301*5 

304.8 

304.9 

304.9 

304.8 

300.0 

301.8 

304.8 

304.9 

304.9 

304.8 

300.0 

301.9 

304.8 

304.9 

304.9 

304.8 

300.0 

308.0 

304.8 

304.9 

304.9 

304.8 

300.0 

/l~JS 
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tUlTCH  DIMENSIONS  FOLLOW  _ i 97 

FI^TE  and  rod  radii 

plate  thickness  and  rod  length  (CMS) 

NUMBER  OF  CYCLES  IS  20 
O^TE  TEMPS  LISTED  NEXT  FOR 


the  anode 

mx  ANODE 

TEMP  IS 

422*0 

FLUID  TEMP-  301*2 
416*9  365*8 

349*2 

417*1 

366*0 

349*3 

417*7 

366*7 

350*1 

420*5 

369*9 

354*6 

421  *8 

371*2 

356*0 

421  *9 

371*3 

356*2 

422*0 

371*3 

356*2 

422*0 

37  1 *3 

356*2 

422*0 

371*3 

356*2 

2*54  25»A0 


340*5 

340*5 

340*7 

347*8 

349*1 

349*2 

349*2 

349*2 

349*2 


322*2 
321  *8 
320*5 
301*2 
301  *2 
301*2 
301  *2 
301  *2 
301*2 


312*4 
312*1 
31  1 *0 
306*8 
311  *2 
319*2 
320*3 
319*7 


310*5 
310*3 
309*4 
307*1 
31  1 *6 
319*8 
320*7 
320  *1 
301  *2 


309*5 

309*3 

308*7 

307*2 

312*1 

316*9 

317*0 

316*7 

301*2 


HOD  TEMPS  LISTED  NEXT  FOR 

the  anode 

316*9  314*5 

317*0  314*4 

316*7  314*2 

301*2  301*2 


314*3 

314*2 

314*0 

301*2 


314*3 
314*2 
314*0 
301  *2 


313.7  300*0 
313*7  300*0 
313*5  300*0 
301*2  300*0 


plate  TEMPS  LISTED  NEXT  FOR 


the  cathode 
mx  cathode  temp 

350*7  348*5 
350*9  348*6 
351*3  349*0 
3S3*2  350*7 
354*3  351*7 
354*4  351*9 
35/1.4  351*9 
354*5  351*9 
354*5  351*9 


354*5 


340*7 

332*7 

340*8 

332*7 

341  *1 

332*9 

342*3 

333*7 

343*1 

334*4 

343*3 

334*6 

343*3 

334*6 

343*3 

334*6 

343*3 

334*6 

317*6 

317*6 

317*7 

318*0 

318*4 

318*5 

318*5 

318*5 

318*6 


309*5 

309*5 

309*5 

309*7 

309*9 

309*9 

310*0 

310*0 

310*0 


307*9 

307*9 

307*9 

308*0 

308*2 

308*2 

306*2 

308*2 

306*2 


307*0 

307*0 

307*0 

307*1 

307*2 

307*2 

307*2 

307*1 

307*1 


HDD  TEMPS  LISTED  NEXT 

the  cathode 

307*2  309*6 

307*2  309*6 

307*1  309*6 

307*1  309*6 


FOR 

309*8  309*8 
309*8  309*8 
309*8  309*8 
309*8  309*8 


309*4  300*0 
309*4  300*0 
309*4  300*0 
309*4  300*0 
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<VITCH  DIMENSIONS  FOLLOW 

TU^IE  AND  ROD  RADII  (CMS)*  5*08  1*87 

PLATE  THICKNESS  AND  ROD  LENGTH  (CMS)-  8*54  85*40 

NJMRER  OF  CYCLES  IS  30 

FLATE  TEMPS  LISTED  NEXT  FOR 

WE  ANODE 

mx  ANODE  TEMP  IS  435*0 
FLUID  TEMP-  308*4 


430*3 

379*8 

368*8 

352*9 

430*4 

379*4 

368*3 

358*7 

430*9 

379*9 

368*8 

352*5 

433*3 

388*6 

366*7 

358*6 

434*7 

384*0 

368*1 

359*9 

434*9 

384*3 

368*4 

360*8 

435*0 

384*3 

368*4 

360*2 

435*0 

384*4 

368*5 

360*2 

435*0 

384*4 

368*5 

360*8 

HDD  TEMPS  LISTED  NEXT  FOR 
WE  ANODE 


321*1 

320*0 

319*7 

381*2 

319*9 

319*6 

320*8 

319*6 

319*3 

302*4 

302*4 

308*4 

FLATE  TEMPS 

LISTED  NEXT  FOR 

WE  CATHODE 

mx  CATHODE 

; TEMP 

IS  368 

*4 

364*6 

362*4 

354*6 

346*8 

364*8 

362*5 

354*7 

346*3 

365*1 

368*9 

354*9 

346*5 

366*8 

364*4 

356*1 

347*3 

368*1 

365*6 

357*1 

348*8 

368*4 

365*9 

357*4 

348*4 

368*4 

365*9 

357*4 

348*5 

368*4 

366*0 

357*4 

348*5 

368*4 

366*0 

357*5 

348*5 

ROD  TEMPS  LISTED 

NEXT  FOR 

WE  CATHODE 

316*7 

314*4 

314*8 

316*3 

314*4 

314*8 

316*1 

314*4 

314*8 

316*0 

314*4 

314*8 

Table 
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332*5 

381  *0 

318*6 

317*4 

331*9 

380*5 

318*2 

317*0 

330*1 

318*8 

316*8 

315*9 

302*4 

31 1 *6 

318*1 

318*4 

308*4 

315*1 

315*8 

316*8 

302*4 

383*1 

383*8 

381*1 

302*4 

384*1 

384*7 

381  *8 

308*4 

383*4 

384*0 

380*8 

308*4 

308*4 

308*4 

308*4 

319*7 

318*4 

300*0 

319*6 

318*3 

300*0 

319*3 

318*1 

300*0 

308*4 

302*4 

300*0 

389*7 

380*0 

318*0 

316*9 

389*7 

380*1 

318*0 

316*9 

389*8 

380*1 

318*1 

316*9 

330*8 

380*3 

318*8 

317*1 

330*7 

380*6 

318*5 

317*3 

330*9 

380*5 

318*8 

316*7 

330*9 

380*4 

318*0 

316*3 

330*9 

380*4 

317*9 

316*1 

330*9 

380*3 

317*9 

316*0 

314*8 

313*7 

300*0 

314*8 

313*7 

300*0 

314*8 

313*7 

300*0 

314*8 

313*7 

300*0 

A-IS 
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WITCH  DIMENSIONS  FOLLOW 

PLATE  AND  ROD  RADII  (CMS)-  5*08  1*27 

PLATE  THICKNESS  AND  ROD  LENGTH  (CMS)- 

NUMBER  OF  CYCLES  IS  AO 

plate  temps  LISTED  NEXT  FOR 


IHE  ANODE 

mX  ANODE  TEMP  IS  445.0 
FLUID  TEMP-  303*9 

441*0  390*0  372*7 

441*1  390*1  372.7 

441*4  390*5  372*9 

443*4  392*7  376*1 

444*6  393*9  377*4 

444*9  394*2  377*7 

445*0  394*3  377*7 

445*0  394*3  377*7 

445*0  394*3  377*7 


e*54  25*40 


362*8 

362*5 

362*0 

367*1 

368*2 

368*5 

368*5 

368*5 

368*5 


341*1 

340*4 

338*1 

303*9 

303*9 

303*9 

303*9 

303*9 

303*9 


328*7 

328*0 

325*8 

316*4 

318*8 

326*5 

327*4 

326*6 


326*1  324*8 
325*5  324*2 
323*7  322*7 
317*2  317*6 
319*7  320*2 
387*4  324*8 
328*2  324*9 
327*4  324*4 
303*9  303*9 


HDD  TEMPS  LISTED  NEXT 
THE  ANODE 

324*8  324*6 
384*9  324*5 
324*4  324*2 
303*9  303*9 


FOR 

324*4  324*2 
384*2  324*1 
323*9  323*7 
303*9  303*9 


322*2  300*0 

322*1  300*0 

321*8  300*0 

303*9  300*0 


PLATE  TEMPS  LISTED  NEXT  FOR 


IHE  CATHODE 


MUX  CATHODE 

; TEMP 

376*2 

374*1 

376*2 

374*1 

376*5 

374*4 

377*9 

375*7 

379*  1 

376*8 

379*4 

377*1 

379*4 

377*1 

379*4 

377*1 

379*5 

377*1 

IS  379*5 

366*4  358*1 
366*5  358*2 
366*7  358*3 
367*7  359*1 
368*6  359*9 
368*9  360*2 
368*9  360*2 
369*0  360*2 
369*0  360*2 


341*5 
341  *5 
341*6 
342*0 
342*5 
342*5 
342*5 
342*5 
342*5 


331  *4 
331  *5 
331*5 
331*7 
332*0 
331*7 
331  *6 
331*5 
331*4 


329*3 

329*3 

329*4 

329*6 

389*7 

329*2 

329*0 

328*8 

328*7 


328*1 

328*1 

328*2 

328*3 

328*5 

327*4 

326*9 

326*6 

326*4 


HDD  TEMPS  LISTED  NEXT  FOR 


the  CATHODE 

327.4  319*6 
326*9  319*6 
326*6  319*6 
326*4  319*6 


319*8 

319*8 

319*8 

319*8 


319*8 

319*8 

319.8 

319*8 


317*7  300*0 
317*7  300*0 
317*7  300*0 
317*7  300*0 


Tatl&  A-/6 
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SWITCH  DIMENSIONS  FOLLOW 

FLATE  AND  ROD  RADII  <CMS>»  5*08  ^ 

PLATE  THICKNESS  AND  ROD  LENGTH  <CMS)«  2*5A 
MJMBER  OF  CYCLES  IS  50 
FLATE  TEMPS  LISTED  NEXT  FOR 


25*40 


WE  ANODE 
mX  ANODE  TEMP  IS 
FLUID  TEMP«  305*6 


450*4 

450*4 

450*6 

452*2 

453*2 

453*5 

453*5 

453*5 

453*5 


399*4 

399*4 

399*6 

401*4 

402*4 

402*7 

402*7 

402*7 

402*7 


453*5 

381*7 

381*6 

381*6 

384*2 

385*3 

385*5 

385*5 

385*6 

385*6 


371*3 

370*9 

370*1 

374*4 

375*4 

375*6 

375*6 

375*6 

375*6 


348*6 

347*7 

345*1 

305*6 

305*6 

305*6 

305*6 

305*6 

305*6 


335*5 

334*7 

332*2 

321*1 

322*5 

329*8 

330*7 

329*8 

305*6 


332*8 

332*1 

330*0 

322*0 

323*4 

330*8 

331  *6 

330*6 

305*6 


331*4 

330*8 

329*0 

322*5 

324*0 

328*4 

328*4 

327*9 

305*6 


ROD  TEMPS  LISTED  NEXT  FOR 
•[HE  a;'JODE 

3PK./J  32 >^*  7 

3PK»4  3{;t^*S 

327*9  328*1 

305*6  305*6 


328*4 
32K  • 3 
327*9 
305*6 


328*2 

328*1 

327*7 

305*6 


325*4 

325*2 

324*9 

305*6 


300*0 
300*0 
300  *0 
300*0 


FLATE  TEMPS  LISTED 

•IHE  CATHO)»E 

mX  CATHODE  TEMP  I! 


386*3 
386*3 
386*5 
387*7 
388*6 
388*9 
38P*  9 


384*3 
384*4 
384*5 
385*6 
386*5 
386*7 
386.  8 
.3  6 • ^ ' 


388*9  386*8 


NEXT  FO)? 

; 388*9 

377.0 
377*1 
377*2 
378*0 
378*8 
379*0 
379.  1 
3 '.’9. 1 
379*1 


369*0 

369*0 

369*1 

369*8 

370*4 

370*6 

370.7 

370.7 

370*7 


rt)D  TEMPS  LISTED  NEXT  FOR 


WE  CATHODE 
338*4 
337*7 
337*3 
337*1 


325*3 

325*3 

325*3 

325*3 


324*9 

324*9 

324*9 

324*9 


352*7 

352*7 

352*8 

353*1 

353*5 

353*5 

353*5 

353.5 

353*4 


324*7 

324*7 

324*7 

324*7 


342*8 

342*8 

342*9 

343*1 

343*2 

342*8 

342.6 

342.4 

342.4 


340*7 
340*7 
340*7 
340*9 
341  *0 
340*3 
340  .0 
339.7 
339.6 


339*5 
339*5 
339*6 
339*7 
339*8 
338*4 
33  7.7 
337*3 
337.1 


321*5 

321*5 

381*5 

321*5 


300*0 

300*0 

300*0 

300*0 


Ta^fe  A-17 


n 


100 
110 
180 
121 
130 
135 
140 
150 
800C 
21 OC 
220 
230 
240 
250 
260 
870 
2B0 
290 
291C 
292C 

293 

294 

295 

296 

297 

298 

299 

300 

301 

302 

303 

304 

305 

307 

308 

309 

310 

311 

312 

313 

314 

315 

316 
320 

331 

332 
334 

336 

337 

338 

339 

340 
343 


PROGRAM  SW2< INPUT«0UTPUT«TAPE1 «TAPE2) 

COMMON/TDMI/CMK  1000)  *CC1 000)  «C1(  1000)  1000) 

C0MM0N/BLK1/AMP(500)«AREA1«AREA2« 

UO«XO«NTIM* THKAV 

C0MM0N/BLK2/VAN0DE< 1000)«WCATHD( 1000)«DZ« !1 

C OMMON /BLK3 / BELT * TH KA 1 # THKC 1 

DIMENSION  VU000)«VAND(1000)#VCAT(  1000) 

DATA  N0/2HN0/ 

STATEMENT  FUNCTIONS 
CAPPA 1 ( V«  KE ) -THKA 1 /THKAV 
C APPABC V« KE ) -THKA2/THKAV 
CAPPl P( V«  KE ) -THKA 1 /THKAAV 
CAPPSPC  V«  KE ) -THKA2/THKAAV 

SIGMA1(V«KE)"RH0A1«C4*244-»75*(V-1  • ) )•!  *E>6/(RH0AV*SHAV) 
SIGMA8(V«KE)*RH0A8*(3*8494«315*(V*1 •) )•! •E^6/(RH0AV*SKAV) 
IS(IR«  JZ)«<  IR-1  )«JM2<»JZ 
ISP(IR«  JZ)«IN2*JM2<^(IR-tM2-l  )*JM4JZ 

TAPES  READ  AND  PARAMETERS  DEFINED* 

REWIND  1 

READ( 1 «83 )NCYC« IM« IM2« JH«  JH2#MT0T 

83  F0RMAT<6IS) 

READ< 1 «84)UMAXA«UMAXC 

84  F0RMAT(2E23«14) 

READ( 1 « 85 ) RADI « RAD2« PLNGTH# RLNGTH 
READC 1 « 85 ) DELR#  DELZ 1 • DCLZ2  # DELT 

85  F0RMAT<4E15«5) 

DO  86  M*l«MTOT 

86  READ(1«87)WAN0DE(M)«WCATHD(M) 

87  F0RNAT(2E23.14) 

REWIND  1 

U0«300« 

RH0A1«8«08 

RH0A2»8«96 

RK0Cl-8*08 

RH0C2«8«96 

RHOAV-  • 25*  < RHOA 1 '^RHOA2<*-RHOC  1 4-RH0C2  ) 

SHAl«4*24E<f6 

SHA2«3*849E<f6 

SHC1-4*24E«6 

SHC2"3«849E-»6 

SHAV-  .25*  < SHA 1 ♦SHA2«SHC  1 4-SHC2  ) 

SPHT«3*849E-f6 

THKA1-1.18E4-7 

THKA2-3*908E<f7 

THKCl«l*18E<f7 

THKC2-3«908E<*-7 

THKAV-  . 25*  < THKA  1 ’^THKA8<»THKC  1 ♦THKC2  ) 

THKAAV-  . 5*  < THKA  1 4-THKA2  ) 

THKCA V- • 5*  < THKC 1 ♦THKC2 ) 

X0-«04 

AHPMAX-2*E<*-4 


1 


II.  fell. 


u 


s 


3 I 


L_. 


3«6 

3«8 

350 

358 

364 

356 

358 

360 

362 

375 

376 

377 
410 
«0 
400 
470 
560 
570 
560 
990 
600 
020 
630 
640 
650 
660 
670 
6B0 
^0 
700 
760C 
6000 
802 
804 
810 
820 

825 

826 
830 
840 
850 
860 
870 
880 
890 
900 
910 
9200 
9300 
9400 
950 
9600 
970 
975 


DTT-.0095 
DO  120  N«l«20 
XN>FL0AT(N) 

XNSQ-XN*XN 

120  AMP(N)-AMPMAX*DTT«SQRT(XNS0-XN4>1  •/3«)/«19 
AMPCOl >-AMPMAX 
AMP(28>-AMPMAX 
DO  124  N«23«30 

184  AMP(N)>0« 

DTAU-THKA V*  DELT/ C SHAV*RHOAV«XO«XO  > 

DTAUl  ■DTAU 
DTAU8-DTAU 
PI>2*«ASIN( !•) 

AREAl -Pl^RADl *RAD1 

AREA2>P1*RAD2*RAD8 

DXI -DELR/XO 

DZ-DELZl/XO 

DZSO-DZ«DZ 

DZ2-DELZ2/X0 

DZ2S0-DZ8*DZ2 

MT0T-1M2«JM2«(1M-1M8)*JM 

JMlM-JM-1 

JMlP-JM^l 

JM21M-JM2-1 

JM21P«JM2<»1 

IMlM-lM-1 

1M1P-IM4>1 

IM21M-IM2-1 

1M21P-1H2>1 

VO«l  • 


•9.5*DTAU1 

•DTAU8 


MAIN  OALOULATION  OP  TEMPERATURE  BEGINS  NOVI 
K0Y0«1 
4 OONTINUE 

6 NTIM-1 

7 KE"1 

IF(NTIM.LE«80)DTAU> 

IF(NTIM.QT«20)DTAU> 

8 CONTINUE 
IF(KE*EQ«1 )GO  TO  9 
GO  TO  11 

9 DO  10  M«l«MTOT 

10  V(M)>VANODE(M) 

GO  TO  13 

DO  18  M«l«MTOT 
V(M)-VCATHD(M) 

CONTINUE 


11 

18 

13 


8 «LE*  I .LE.  IM-1 
ALSO  1 «LE«  J •LE» 
DO  17  I«2*IH1M 
J-1 

Il-CI-1  )*JM24-1 


IN  FIRST  I LOOPI 
JM-1  IN  THIS  LOOpi 


IF(I«8T*IH2>I1«IM2*JM2«(I-IM2-1 >«JM«1 
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iiiiftirihiittiiirriliiir 


r 


L! 

je; 

[ ‘ 
I 

I, 


4 

! 


M 

I 


[ 


9B0  I2-I14.1 

990  CM1(I1>«0« 

1000  V1«V(I1) 

1010  SIG-SI6MA1(V1*KE> 

1020  CAP-CAPPA1(W1«KE> 

1030  SUMl-Sia*(l-l«)*OXI/DTAU 
1040  SUM2-2.*(I-l.)*DXI*CAP/DZSO 
1050  V2«W(I2) 

1060  CAP2*CAPPA1(W2«KE) 

1070  FAC*-DXI*(1-1.)/DZ 

1080  C( II )»SUM1«SUM2 

1090  CKID— SUM2 

1100  Vl-Sia*(I-l.)*DXl*Wl/DTAU 

1110  IP1«IS(I41«1) 

1116  lF(I.aE*lM2)lPl-ISPCl4>l«l> 

1120  1M1-1S(I-1«1) 

1125  1F( I*aT«IM2lP)IMl«ISP(I-l«l> 

1130  WP1«W(1P1) 

1140  WM1«V(IM1) 

1150  V2»CAP*(WP1-W1>/DXI 

1160  V3-(  I-l  .)*CAP«<WMl-a.*Wl4.WPl  )/DXI 

1170  VS-SKW1-KE)«<1-1.)*DX1 

11 80  VBDRY-FAC* ( CAP2-3 • •CAP)*6( W1 «KE> 

1200  V(I1)«V1«V24V34VS<*>VBDRY 

1210  DO  16  J-2«JM1M 

1220  11*IS(1«J) 

1225  lF(I«QT*IM2m-!SPCI#J) 

1230  12>1S<1^1#J) 

1235  IF(l.aE«lM2)12-ISPCl4Utl> 

1240  13*1  !♦! 

1250  I4«IS(I-1«J) 

1255  lF(l*QTtlM21P)l4«lSPCI-l«J> 

1260  I5«I1-1 

1270  Wl-V(Il) 

1280  V2*V<I2) 

1290  V3»V(I3) 

1300  V4-V(I4) 

1310  V5«V<I5) 

1320  SIG-SI6MAKV1«KE) 

1330  CAP«CAPPA1(W1«KE) 

1340  CAP2*CAPPA1(V3«KE) 

1350  FAC1*DXI*<I-10/DZSQ 

1360  FAC2-CAP/DXI 

1370  CMKI1)«-FAC1*CAP 

1380  SUM1-SIG*(I-10*DX1/DTAU 

1390  SUM2-FAC1*(CAP2«CAP) 

1400  C( II )-SUMl«SUM2 
1410  CKID-CMKin 
1420  V1-SUM1*W1 
1430  V2-FAC2*(V2-V1) 

1440  V3-(  I-10«FAC2«<W4-2.*W1+W2> 

1450  VS*SKV1#KE)*(  I-1*)«DXI 
1460  16  V(Il)i4;i«V24V3<*-VS 

1465  17  CONTINUE 


i 


i 
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147  OC 

147 2C 
1475 
1480 
1490 
1500 
1510 
1520 
1530 
1540 
1550 
1560 
1570 
1580 
1590 
1600 
1610 
1620 
1630 
1640 
1650 
1660 
1670 
1680 
1690 
1700 
1710 
1720 
1730 
1740 
1750 
1760 
1770 
1780 
1790 
1800 
1810 
1820 
1830 
1840 
1850 
1860 
1870 
1872 
187  5C 
187  8C 
1880 
1885 
1890 
1900 
1910 
1920 
1930 
1940 
1950 


2 'LE*  I *LE*  IM2  AND  J-JH  NEXT* 

DO  19  I«2«IH2 

11- ISC I« JH) 

12- IS(  I4-U  JM) 

I3>IS(  I« JM41) 

I4>IS(  I-WJM) 

I5-IS( I« JM-1 ) 

W1»W(I1) 

V2-V(  12) 

V3-UC 13) 

W4-VCI4) 

VS»V(I5) 

CAPl-CAPPAKVUKE) 

CAP11-CAPPA1(VS«KE) 

CAP2-CAPPA2(W1«KE) 

CAP22>CAPPA2(V3«KE) 

SIQ1>SIGMAKV1«KE) 

SIQ2-SI6HA2(V1«KE) 

CAPP1-CAPP1P<W1#KE) 

CAPP2-G  APP2P( VI « KE) 

ANUM1C-CAPP1«DZ 

DENC1-DXI»<I-1«)«<3**CAP1-CAP11) 

PACIC-ANUMIC/DENCI 
ANUM2C>CAPP2«DZ2 
DEN2CoDXI«< I-l *)«<3**CAP2-CAP22) 

FAC2C  -A  NUN2C  /DEN2C 
AA-(1-1  O^DXI/DTAU 
B6«AA*SI01 
CC«AA*SIQ2 
DD-CAPl/DZSQ 
EE-CAP2/DZ2SQ 

SUN1-AA«(FAC1C«S161^FAC8C*SIQ2) 

SUM2"2.«<I-l  O^DXI^CFACIC^DD^FACEC^EE) 

CU1)*SUM1^SUM2 

CMKIl  )»-FAClC«2.«<I-l*)*DXI*DD 
CKID  — FAC2C«2.«<I-lO*DXI*EE 
VI -(FAC 1C«BB+FAC2C«CC)*VI 
V2>( V2 -V 1 ) • < FAC I C«CAP1 ♦FAC2C»CAP2 ) /DXI 
rAC»<W4-2.«Wl+W2)«< I-l *)/DXI 
FACC»FAC1C«CAP1^FAC2C*CAP2  > 

V3*FAC»FACC  * 

VS-CI-1  .)*DXI«<FAC1C«SKWI#KE)*FAC2C*S2(  VUKE)) 

19  V<1 l)-Vl+V2+V3^VS 


2 •LC*  I •LE*  IN2  AND 
DO  25  I-2«IM2 
DO  25  J>JM1P«JN21H 
I1«IS( I« J) 

I2«IS(  I4-1,  J) 

I3«IS( I« J^l  ) 

14- ISC I-1«J) 

15- IS(  I«J-1) 

Vl-V(Il) 

W2«V(I2) 


• LE  • «J  • LE  • 


JM2-1  NEXT* 
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1960 
1970 
1980 
1990 
2000 
2010 
2015 
2020 
203  0 
2040 
2050 
2060 
2070 
208  0 
2090 
2100 
2110 
2120 
2130 
2140 
2150 
2160 
2170 
2180 
2190 
2200 
2210 
2220 
2230 
2240 
2250 
2260C 
827  OC 
2280 
2290 
8300 
8310 
8320 
2330 
8340C 
2350C 
2360 
237  0 
8380 
2390 
839  5 
2400 
8410 
2420 
8430 
8435 
2440 
8450 
8460 


V3«V(I3) 

V4-V(I4) 

V5>W(!5> 

SIG-SIGMA2(V1«KE> 
CAP«CAPPA8( V 1 # KE  J 
CAPP-C APPA2  < W3  « KE) 
IF(I»E0*IM2)Q0  TO  81 
AA-( I-l • )*DXI/DZ2S0 
BB«< I-l . )*SIG*DXI/DTAU 
CC-CAP/DXI 
CMKID— AA«CAP 
C<  1 1 >«BB4>AA*(CAPP4>CAP) 
CKID— AA«CAPP 
V1-BB*W1 
V2«CC*(W2-W1 ) 

V3«<  I-l  • )«CC*(  V4o8»*Vl<fV8) 
VS«S2(W1 #KE)*< I-l .)*DXI 
V/<  1 1 ) -V/l  ♦V8+V/3+V;S 
GO  TO  23 

21  AA-DXI/D7.8SQ 
BB-SIG»DXI/DTAU 
CC-CAP/DXI 
CMK  II  )— AA«CAP 
C< 1 1 )«BB+AA*<CAPP+CAP) 
C1(I1)«-AA*CAPP 
V1-BB*W1 

V8*2.»CC»<W4-W1) 

VS»S8(V1 «KE)*DXI 
V<  II )«V1+V2+VS 
83  CONTINUE 
85  CONTINUE 


2 •LE*  I •LE< 
DO  88  1-2#  IM8 
I1«IS(  I#  JM8) 
CMK  II  )«0« 

C( II )-!• 
C1(I1)«0« 

88  V(I1)-V0 


IM8  AND  J-JM2  NEXT* 


IM8+1  ,LE.  I *LE.  IM  AND  J»JM  NEXT* 
DO  36  I«IM81P«IM 
I1«ISP( I«JM) 

I8-I1-1 

I3«ISP(I-1«JM) 

I4-ISP(I4>1«JM) 

IF(I.LE*IM21P)I3-IS(IM8»JH) 

V1-V(I1  > 

U2-W(I8> 

V3-V(I3> 

V4-V(I4) 

SIG«SIGMA1(W1«KE) 

CAP-CAPPA1(V1«KE) 

AA-DXI/DZSQ 


a«70 
9480 
9490 
9500 
£510 
9590 
9530 
£540 
9550 
9560 
9570 
9580 
9590 
9600 
9610 
9620 
9630 
2640 
2650 
2660 
2670 
2680C 
2690C 
27  0 0 
2710 
2720 
27  3 0 
2740 
2750 
2760 
9780 
2790 
280  0 
2810 
2B20 
9830 
2840 
2850 
9860 
9870 
9880 
9890 
290  0 
9910 
2915 
2920 
2930 
2940 
2950 
9960 
9970 
2960 
2990 
2995 


BB«SIG*DXI/DTAU 

CC-CAP/D'CI 

IF(  I •£()•  I i)G0  TO  32 

C1(I1>«0* 

CMI <11 )»-2**< I-l • )*AA*CAP 

C(  1 1 )•< I"1 •)*BB*2»*< I-l »>*AA*CAP 

Vl-(  I-1«)*BB*W1 

V9«CC«(U4-V1) 

V3»(  I-l • )*CC*<W3-9«*W1^W4> 

VS-SKW1*KE)*<  I-l  O^DX! 

V(  11>«V1+V2W3*VS 
GO  TO  33 

32  C1(I1>"0« 

CMI ( 1 1 >»-2«*AA*CAP 
C< 1 1 )-BB+2«*AA«CAP 
V1«BB*U1 

V2»9.*CC«<W3-W1 ) 
VS"S1(U1«KE)*DXI 
V( II )«V1+V2+VS 

33  CONTINUE 
36  CONTINUE 


I«IM  AND  1 'LE.  J -LE*  JM-1  AT  LAST 
DO  45  J>1«JM1M 
I1«ISP< IM» J) 

12-11+1 

I3=>ISPC  IM-I  # J) 

V1«W(  II  ) 

W2»W<  12) 

V3«W<  13) 

SIG«SIQMA1(U1«KE) 

CAP-CAPPA 1<  W1 # KE) 

CAPP»CAPPA1CW2#KE) 

AA»DXI/DZSQ 

BB"SIG*DXI/DTAU 

CC-CAP/DXI 

IF<J»E0»1)G0  TO  40 

CMICID— AA*CAP 

C< II )"BB+AA*<CAPP+CAP) 

Cl< 1 1 )»-AA*CAPP 
V1»BB*W1 

V2«2»*CC*<W3-W1 ) 

VS-SKW1.KE)»DXI 
V<I1)-V1*V2+VS 
GO  TO  42 
AO  CM1<I1)«0» 

C<  1 1 )»nil+2»*AA*CAP 
Cl < 1 1 ) ■-2»*AA*CAP 
V1»BB*W1 

V2  *-AA*  < CAPP-CAP ) * 0<  W1 #KE)*DZ 

V3*2»*CC*(W3-W1 )+2»*AA«DZ*CAP*G(  W1#KE> 

VS»S1 <W1#KE)*DXI 
V<  II  )»V1+V2+V3+VS 
42  CONTINUE 
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2998  45  CONTINUE 

4000C  ... 

4010  IF(KE.EO.  1 )GO  TO  60 
4020  GO  TO  62 

4025  60  CALL  TDMATl (WAND# JM21P#MT0T > 

4030  GO  TO  66 

4040  62  CALL  TDMATI ( WCAT# JM21 P#MTOT) 

4050  DO  64  M»JM21P#MT0T 
40  6 0 WANODE<M)aWAND(M) 

4070  64  WCATHD(M)aWCAT(M> 

4072  DO  65  J»1#JM2 

4074  JM2J«JM2  + J 

4076  UANODE(  J)«WANODE(  JM2J) 

4078  65  VCATHD(  J)»WCATHD(  JM2J) 

4080  66  KE"KE-»1 

4090  1F<KE.LT.3)G0  TO  8 

4100  NTlM-NTlM+1 

4110  II'(NTIU.GE.3l  )GO  TO  68 

4120  GO  TO  7 

4130  68  KCYC»KCYC^1 

4140  IF(KCYC.LE.50)G0  TO  4 

4150  MCYC-NCYC  + KCYC-1 

4160  HEWIND  2 

4170  jJRlTE<  2#83)MCYC#  IM»  IM2#  JM#  JM2 »MTOT 
4180  UMAXC-0* 

4190  DO  70  M*|#MTOT 

4195  IF<WANODE(M).GE.WMAXA>WMAXA-WANODE(M> 

4200  IF(WCATHD<M).GE.WMAXC>WMAXC-WCATHD(M) 

421  0 7 0 CONTINUE 

4220  UMAXA«UO*VMAXA 

4225  UMAXC«lIO*WMAXC 

4230  WRITE<2#84)UMAXA#UMAXC 

4635  WRITEC  2#85)viAm  #JlAn2#PLNGTH#RLNGTH 

423  8 WRITE(2#85)DELR#DEL7.1  ,DELZ2#DELT 

4240  DO  72  M-l#MTOT 

4250  72  WRITE(2«87>VAN0DE(M)»WCATHD(M> 

4260  REWIND  2 
4480  END 

450  OC  — 

45  IOC  

5000  FUNCTION  S1(W«KE> 

5010  COMMON/BLKl /AMP( 500) # AREA 1 #AREA2# 

501  l^UO#XO#NTIM#THKAV 

5020  EK(Y#KK)«1  .E+6/(7.+l  .29*CY-1 . >> 

5030  FAC  1 «AMP(  NT  I rt  ) »A 'IPC  NT  I M > /(  AREA  1 * AREA  1 EK(  W#  KE>  ) 

9)40  FAC2=X0*X0*1  .E+7/C  TH.<A^»UO> 

5050  S1«FAC1*FAC2 
5060  RETURN 
5070  END 

S080C  - ............... 

5090C  

5100  FUNCTION  S2(W#KE) 

51 1 0 COMrtON/DLrU  /AIiP(500)*AREAI  #AREA2# 

51  ll-*-  UO#XO#NTIli#THKA\; 

5120  EK(Y#Ki<)  »1  .B+6/(  1 .29*(Y-1»)) 

122 


5130  FACl  ■AMP(NTIM)“AMP(  MT IM) /(  AREA2*AREA2*EK(  W#KE)  ) 

5140  FAC2-X0*X0*1  .E*7/(THKAV*U0) 

5150  S2«FACl*FAC2 
51 60  RETURN 
5170  END 

518  OC  .............. 


:i 

1 

5190C 

1 

1 

1 

1 

1 

1 

1 

1 

1 

• 

i 

1 

4 

• 

• 

• 

i 

• 

4 

• 

• 

1 

•1 

5300 

FtINCTlON  G(W»Kn) 

ijoin 

CAPCv,io=i  '1  ) 

5320 

TH(K)«THKA1 

5325 

C0i'1M0i'^/DLK2/WA<  1000)»WC<  1000)>D^>  1 1 

i 

533  It 

(jOMMOi'J/DLKl  /AMP(  50l1 ) .>  AREAl  «AREA2« 

5340* 

U0#X0«NT1M«THKAV 

5342 

C0MM0N/BLK3/DELT«THKA1 «THKC1 

i 

5345 

V1>VA(I1) 

1 

5346 

V2«VC(I1  ) 

y 

1 

5350 

RC-4*E>6 

I 

5360 

DELV-40* 

5380 

TIMV=9.5*NTIM*DELT 

5365 

IF<NTIM.GT*20)TIMV««19+CNT1M-20)*DELT 

5450 

IF<TIMV.LE««19)G0  TO  6 

\ 

i 

5460 

GO  TO  10 

' 547  0 

6 ANUM «AMP ( NT  I M ) • AMP ( NT I H) *XO* 1 . E ♦ 7*RC 

1 

1 5472 

DEN-AREA 1 • UO  *TH  < KE ) *C APC  V» KE ) 

i 

1 5474 

HEAT -ANUM/ DEN 

! 547  6 

FACA*.54.5*<W2-W1 )/<W2*Wl) 

1 547  8 

FACC-*5-«5*<W2-Wl)/<W2+Wl) 

546  0 

61 -HEAT^CFACA^C  2-KE)+FACC*<KE-l > ) 

5462 

TOP«TH(KE)*Wl-TH<KE)*W2 

i 

546  4 

B0T-2**DZ*TH(KE)*CAP<W#KE) 

1 

■1 

5486 

G2-TOP/BOT 

1 

j 

5467 

L-3-2*KE 

1 

[;  5466 

G»61-62«L 

5620 

RETURN 

K 55  3 0 

10  CONTINUE 

i 5540 

IFCTIMV.LE** 192)60  TO  12 

5650 

GO  TO  14 

5560 

12  FAC«AMP<NTIM)*DELV*X0*1 .E+T 

5570 

DEN-AREA 1 *U0  *TH  < KE ) *0 AP<  W»  KE) 

5560 

G«C2-KE)*FAC/DEN 

5690 

RETURN 

5600 

14  G-0* 

5700 

RETURN 

5710 

END 

5720C 

S730C 

9000 

SUBROUTINE  TDMAT I(U«K1  «KHAX) 

9010 

DIMENSION  U( 1000) «6AM(  1000) #BETA( 1000) 

■ :t 

9020 

COHMON/TDMI/A( 1000) #B( 1000) #C( 1000) »D( 1000) 

7 

9030 

BETA(K1)-B(K1) 

% 

9040 

GAM(K1  )-D(Kl  )/BETA(Kl  ) 

9050 

K1P-K14-1 

9060 

DO  10  K-K1P«KNAX 

’ J 

9070 

BETA<K)«B(K)-A(K)*C<K-l)/BETA(K-l  ) 
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9080  10  GAM(K>«(D(K)-A(K)«6AM(K-1))/BETA(K> 

9090  U(KMAX)-6AM(KMAX) 

9100  KMAXM-KMAX-1 
9110  DO  80  L«K1«KHAXM 
9180  K«KMAX^K1-L-1 

9130  80  U(K)-GAM(K)-C(K)«U(K«1  >/BETA(K> 

91 40  RETURN 

9150  END 


i 


100  PROGRAM  SWrLOW( INPUT/ OUTPUT# TAPEl/ TAPER) 

110  COMMON/TDMl/CMl (1000)«C( 1000)#C1( 1000)#V( 1 000) 

120  COMMON/BLKl/AMPC 500)# AREA 1#AREA2# 

121<^  UO#XO#NTIM#THKAV 

130  COMMON/BLK2/WANODE( 1000)# VCATHD( 1000)# DZ# II 

135  C0MM0N/BLK3/DELT#THKA1#THKC1 

136  COMMON/BLK6/R 1 0#  R 1 OSO  # R20#  R20SQ  #H  # VP  # D 

138  C 0MM0N/BLR5/ 1 FI  # I F2  # JF 1 # JF2 # 1 M# I M2  # JM#  JM2  # DELR  # I # J 

140  DIMENSION  V( 1 000 ) #VAND( 1000)# VCAT( 1 000) 

150  DATA  N0/2HN0/ 

90OC  — 

21 OC  STATEMENT  FUNCTIONS 
220  CAPPA1(V#KE)-THKA1/THKAV 
230  CAPPA2(V#KE)-THKA2/THKAV 
240  CAPP1P(V#KE)-THKA1/THKAAV 
250  CAPP2P(V#KE)«THKA2/THKAAV 

260  SIGMA1<V#KE)«RH0A1*<4.24+.75*(V-1  .))*!  .E46/( RHOAV*SHAV) 

270  SI0MA2(V#KE)-RH0A2*(3«849-*-#315*(U«l  •))•!  •E-^6/(RH0AV«SHAV) 

2B0  IS(  IR#  JZ)-(  lR-1  )*JM2<»JZ 
290  ISP( IR# JZ)«IM2*JM2^( IR*IM2*1 )«JM«JZ 

29 1C  - 

292C  TAPES  READ  AND  PARAMETERS  DEFINED < 

293  REWIND  1 

294  READ(  1 #83  )NCYC#  IM#  IM2#  JM#  JM2#MT0T 

295  83  F0RMAT(61S) 

296  READ(1#84)UMAXA#UMAXC#VF 

297  84  P0RMAT(3E23«14) 

298  READ(1#85)RAD1#RAD2#PLNGTH#RU4GTH 

299  READ( l#85)DELR#DELZl#DELZe#DELT 

300  85  FORMAT(4E15*5) 

301  DO  86  M«l#MTOT 

302  86  READd  #87)VANODE(M)#VCATHD(M) 

303  87  F0RMAT(2E23*14) 

304  REWIND  1 

305  UO-300* 

307  RH0Al-8«08 

308  RH0A2-8*96 

309  RHOC1«8*08 

310  RH0C2"8*96 

31 1 RHOAV-*  25*(  RHOA 1 4RH0A2«RH0C  1 ♦RH0C2  ) 

312  SHA1>4*24E46 

313  SHA2-3*849E«-6 

314  SHCl-4*24E«-6 

315  SHC2-3*849E46 

31 6 SHAV-  • 25*  ( SKA  1 ♦SHA2«SHC  1 4SHC2  ) 

320  SPHT-3«849E46 

331  THKAl-1  •18E47 

332  THKA2«3*908E«7 

334  THKCl-1  •18E47 

TIA  TUUPOb^  «onnF^7 

337  THKAV-.25*(THKAI«THKA2«-THKCt<^THKC2) 

338  THKAAV«*5*(THKA1«THKA2) 

339  THKCAV«*5*(THKC14THKC2) 

340  X0«*04 


343  AMPMAX-2*E«4 
346  DTT»*0095 

348  DO  180  N«l«80 
350  ;vN-FLOAT(N) 

352  XNSO»XN*XN 

354  120  AMP<N>«AMPMAX*DTT*SQRT<XNSQ-XN*1«/3«>/»I9 

356  AMP(21)-AMPMAX 

358  AMP<22)«AMPMAX 

360  DO  124  N-23*30 

362  124  AHP(N)>0* 

375  DTAU-THKAV*  DELT/<  SHAV*RHOAV*XO*XO> 

376  DTAUl  -DTAU 

377  DTAU2-DTAU 

410  PI-2«*AS1N(1«) 

«0  AREA1«P1*RAD1*RAD1 

400  AREA2«P1*RAD2*RAD2 

440  JF1»6 

iMS  JF2>16 

460  IF1"3 

455  1 F2  ■ 1 5 

458  Da«635 

460  RlO-RADl-D 

461  ({■•TE^'T 

462  R20-RAD2-D 

464  R10SQ*R10*R10 

466  R20SQ«R20*R80 

468  SPF«1 •268E«7 

469  VOLF-3785.4  fRHOF»l *451 
410  DX1«DELR/X0 

560  DZ*DELZ1/X0 

570  PZSQ*DZ*DZ 

580  DZ2-DELZ8/X0 

590  DZ2SQ«DZ2*DZ2 

600  MT0T«IM2*JM2*< IM-IM2)*JM 

620  JM1M>JN-1 

630  JMlP-JM^l 

640  JM81M-JN2~1 

650  JM21P-JM2*! 

660  IMlM-IM-1 
670  IMlP-IM+1 
680  IM21M-IM2-1 

590  IM21P-IM2«1 

700  V0>1« 


8D0C  MAIN  CALCIILATION  OF  TEMPERATURE  BEGINS  NOW* 

808  KCYC-1 

804  4 CONTINUE 

805  IX1-ISP<8# JFl ) SIX2»ISP< IF8/11> 

806  IX3»ISP<9#JF2>  SIX4-ISCIF1 *26) 

807  HX1«PI*R10S0*<WAN0DE(IX1>-WF> 

808  HX8-2.»PI*Rl0*<PLNaTH-2.*D)*CWAN0DE(IX2)-WF) 

809  HX3«PI*<R10S0-R20S0)*< WANODE( IX3>*WF> 

810  HX4-2.*PI*R20*<RLNGTH*D>*<WAN0DE< IX4)-WF> 

81 1 HX-HX 1 ♦HX8 ♦HXG ♦HXA 

812  HX-.8*H*HX 
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813 

814 

815 
817 
S>0 

885 

886 
830 
840 
850 
860 
870 
8R0 
890 
900 
910 
9B0C 
930C 
940C 
950 
960C 
970 
975 
980 
990 
innn 
1010 
1080 
1030 
1040 
1050 
1060 
1070 
1080 
1090 
1100 
1110 
11 16 
1180 
1185 
1130 
1140 
1150 
1160 
1170 
1180 
1800 
1808 
1804 
1810 
1880 
1885 
1830 
1835 
1840 


DENVr>RHOF*SPF*VOLl> 

DELVF«HX/DENWF 

WF»WF*DELWF 

6 NTIM-1 

7 KE«1 

IF(NTIM.LE.80)DTAU-9*5*DTAU1 

IF(NTIM.QT«80)DTAU«DTAU8 

8 CONTINUE 
1F(KE.EQ* 1 )60  TO  9 
GO  TO  11 

9 DO  10  M-1#MT0T 

10  V(M)**WANODE(M) 

GO  TO  13 

11  DO  18  Mol.MTOT 
18  V(M)>VCATHD<M) 

13  CONTINUE 


8 «LE.  1 .LE.  IM-1  IN  FIRST  I LOOP I 
ALSO  1 .LE.  J .LE.  JM-1  IN  THIS  LOOP* 
DO  15  1>8«IM1M 
J»1 

I !■<  I-:.  )*JM2»1 

1F( I .6T. IMS) 11«IM8*JM8«( I*IM8*1 )*JM^1 
18-H  + l 
CMl ( 1 1 )»0. 

W1«U(I 1 ) 

SlG«SinMAl(Vl«KE) 

CAP>CAPPA1(V1«KE) 

SUM1«SIG*< 1-1.)*DXI/DTAU 
SUM8»8.*< 1-1 .)*DXI*CAP/DESQ 
V8>V(I8) 

CAP8-CAPPA1  (V8«KE) 

FAC—DXI*<  I-1.)/DE 
C(I1  )>SUN1«S(JH8 
C1(I1)>-SUM8 

V1»SIQ*<I-1 .)»DXI*V1/DTAU 
IP1>IS( I«l#l) 

IF(I  .GE.  1M8)IP1>ISP(  It>l«l) 
IMl-lSd-l#!) 

IF(I .GT. IM81P)IM1>ISP(  1-1»1> 

WP|>V( IPl ) 

WM1>V( IMl ) 

V8»CAP*(WP1-W1 )/DXI 

V3«(  I-l  . )*CAP*(VM1-8.*U1<*>VP1  )/DXI 

VS«S1(W1#KE)»<1-1.)*DXI 

VBDR Y-FAC • < CAP8-3 . •CAP ) •GC  VI « KE) 

V( 1 1 ) -V 1 ♦V8*V3*VS+VBDRY 
15  CONTINUE 
DO  17  I-8.IN1N 
DO  16  J-8.JN1H 
I1«IS( I* J) 

IF( I .GT. IMS) I1>1SP(  I# J) 

18«IS(  I + U.J) 

IF(I .GE.IM2)I2>ISP(I^1« J) 

I3-I !♦! 


J 
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1250  I4>IS(I-1«J) 

1255  IF(I .QT*IM21P)14«ISPCI-1*J> 

1260  I5-I1-1 

1270  Vl^^Wdl) 

12H0  V2*W(I2) 

1290  V3-V(13) 

1300  U4«W(I4) 

1310  U5-V(I5) 

1320  SIG-SIQMA1(W1«KE) 

1330  CAP>CAPPA1(V1«KE) 

1340  CAP2-CAPPA1(W3.KE) 

1350  FACl»nXl«(l-l •)/DZS0 

1360  FAC2-CAP/0XI 

1370  CMHl  1 )— FAC1»CAP 

1380  SUM1»S1G*< 1-1 ‘l^OXI/DTAU 

1390  SUM2»FAC1*(CAP24CAP) 

1400  C(  1 1 )bSUM14-SUM2 

1410  Cl  ( I 1 ) »CM1  ( 1 1 ) 

1411  V1*SWM1*W1 

1412  V2«FAC2*(W2-W1 ) 

1413  V3-( 1-1 .)»FAC2*(W4-2.»W1^W2) 

1414  VS«S1(W1»KE)*(  1-1 .>*DX1 

1415  VF«0. 

1416  1F(KE.E0«2)60  TO  16 

1417  IF(1 •LT*1F2«AND* J*E0*JF1 )Q0  TO  133 

1418  GO  TO  135 

1419  133  C<11)»SUM142.«FAC1*CAP 

1420  C1<11)*0. 

1421  CMKll  )—2«*FAC1*CAP 

1422  CAPS«CAPPA1(VS«KE) 

1423  VF«HE<  W 1 *CAP ) * DZ*FAC 1 •( 3 • •CAP-CAPS  > 

1424  135  CONTINUE 

1425  IF( 1.E0«1F2«AND.JF1*LT*J*AND.J*LT*JF2)G0  TO  137 

1426  GO  TO  143 

1427  137  V3»0« 

1428  VF«2.*(I-1  •)*FAC2»(V2-tfl«DXI*HE(Vl#CAP)) 

1429  143  CONTINUE 

1430  IF(( I.LT«IF2*AND.JF1*LT*J*AND.U*LT* JF2)*0R. 

1431 ♦ (I«LT*IF1*AND«JF2.LE*J))G0  TO  145 

1432  GO  TO  147 

1433  145  C(II)=l.  $CM1(I1)»0.  SC1(I1)>0* 

1434  VF*yF-Vl -V2-V3-VS 

1435  147  CONTINUE 

1436  IF(IFl*LT«I«ANn*I*LT*IF2*AND*J*EQ*JF2>G0  TO  153 

1437  GO  TO  155 

1438  153  CM1(I1)»0. 

1439  Cl  < I 1 )«-2.*FACl  *CAP 

1440  C( 1 1 )»SUM1+2«*FAC1*CAP 

1441  VF»HE(W1 #CAP)*DZ*FAC1»(3.«CAP-CAP2> 

1442  155  CONTINUE 

1443  IF( I .EO* 1F1«AND* J«EQ*JF2>GO  TO  163 

1444  GO  TO  165 

1445  163  Cl(  II  )=»(’!(  m-FACl*CAP 

1446  CM1(I1)>0. 

1447  VF»( I -1 . )*FAC2*<  W2-W4»2.*DX1*( 1 •♦DXI/DZ)*HE(  W1 #CAP) > 

1448  165  CONTINUE 
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1449  IF(  I •£()•  IFl  tAND*  JF8-LT*  J)60  TO  173 

1450  QO  TO  175 

1451  173  v;f=(  1-1  . )*FAC«‘^(Wa-¥4^fi«*DXI*HE<VIUCAP)) 

1452  175  CONTINUE 

1460  16  V<I1)»V1+V2+V3+VS+VF 

1465  17  CONTINUE 

1470C  — - 

1472C  2 •LE*  I -LE.  IM2  AND  J>JM  NEXT* 

1475  DO  19  I»2#IM2 
14H0  I1>IS(I*JM) 

1490  I2>IS(  1^1  « JM) 

1500  I3«IS(  I#  JM+1  ) 

1510  I4>IS( I-l# JM) 

1520  I5*IS<  I#  JM-1  ) 

1530  W1-W<I1> 

1540  W2«V(I2) 

1550  W3«W(I3) 

1560  W4=tf(14) 

157  0 W5='J(I5) 

1 'if ! 0 0 A>'  1 =( : AU'  'A  i ( :•!  1 # KE ) 

1590  CAPl 1=CAPPA1 (W5* KR) 

1600  CAP2*CAPPA2<W1#KE) 

1610  CAP22*CAPPA2(W3#KE) 

1620  SIGl *SIGMA1 (VI «KE) 

1630  SIG2>SIGMA2(V1  «KE) 

1640  CAPPl  *CAPP1P(W1  #KE) 

1650  CAPP2»CAPP2P(V1«KE) 

1660  ANUMIC-CAPPI  ♦D7. 

1670  l)KNCl=nXI»(  I-l  . >*<3.*CAP1-CAP11  > 

1680  FACIC-ANUMIC/DFJJCI 

1690  ANUM2C»CAPP2*DX2 

1700  »EN2C«DXI*( I-l .)*(3.*CAP2-CAP22> 

1710  FAC2C=ANUM2C/DEN2C 
1720  AA»<  I-1*)*DXI/DTAU 
1730  BP«AA*SIG1 
1740  CCaAA*»SIG2 
1750  DD-CAP1/D7.SO 
1760  EE-CAP2/DZ2SQ 

1770  SUM1=AA*CFACIC*SIQI+FAC2C*SIG2) 

1780  SUM2=a.*C  1-1  .)*DXI*(FAC1C*DD+FAC2C*HK> 

W Jil  cc  I 1 )=SU.''ll +SUM2 

1800  CNl  ( I 1 )=-FAClG*»2.<'(  1-1  O ^DXI^Dl) 

1810  Cl(ll)=-FACUC*«.»(l-l.)’M)XI>i;i: 

ir.jMi  ■.;!=( : ;)  'T1 

1830  V2=(W2-V1  ) »(FACIC<»CAPI +FAC2C’n;Al"r;> /DXl 

1840  FAC«(W4-2«*W1+W2)*<I-1*>/DXI 

1850  FACC«FAC1C*CAP1+FAC2C»CAP2 
1860  V3«FAC»FACC 

1865  VS-(  1-1  . )*>DXI<»(FACIC*S1  C VM»KE)+FAC8C*S2(  Vl«KE)) 

1867  VF»0* 

1868  IF(KE*EQ*2)G0  TO  19 

1870  VS«<  I-l  . >*DXI*(FAC1C*SK¥1#KE)*FAC2C*S2(  tfl#KE>> 

1871  IF< I .EQ^IFl >GO  TO  183 

1872  GO  TO  185 

1873  183  CAPAV*.5*<CAPH-CAP2) 
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IB74  VFl«< I-l •)*<FACIC*CAP1+FAC8C*CAP2) 

187  5 VF2»tf8-U4+2«  *DX 1 *HE( U1 «CAPAV> 

1876  VF«UF1*VF2/DXI 

1R7  7 IBS  CONTli'JlIE 

IB7B  IF(  I .LT.  II'l  )aO  TO  i03 

1B7  0 liO  TO  I'JS 

IMBH  103  (Ml(ll)=0. 

iBx  I c I ( 1 1 ) . 

iB'  p.  'jcr.  i)-i. 

1884  195  CONTINUE 

18R5  19  V/(  1 1 ) =V/1 +V/2+\;3+VS4VF 

1886C  

1887C  2 •LE*  t •LE*  IM2  AND  JM^l  •LE*  J •LE*  JM2-1  NEXT< 

lOeB  DO  25  1>2«IM2 

1889  DO  25  J«JM1P«JM21M 

1890  11«1S(I«J> 

1900  12«IS(I-»UJ> 

1910  I3-ISM«J-»n 
1920  14-ISU-1#J) 

1930  I5>IS(I«J-1) 

1940  Vl>V(in 
1950  W2«V(I2) 

1960  W3»W(I3) 

1970  V4«V(I4) 

19‘80  W5«W(15> 

1990  SIQ«S1GMA2(W1»KE) 

2000  CAP*CAPPA2<W1#KE) 

2010  CAPP»CAPPA2<W3#KE) 

2015  lF(l«Ea«lM2)G0  TO  21 

2020  AA«<I-1.)*DXI/DE2S0 

2030  BB-< I-l . )*SIG*DXI/DTAU 

2040  CC-CAP/DXI 

8050  CMl  < I n— AA*CAP 

2060  C< 1 1 )«BB+AA*<CAPP+CAP) 

2070  CKI1)»-AA*CAPP 

2080  V1»BB*W1 

2090  V2»CC*<W2-W1  ) 

2100  V3»<  I-l  . )*CC*<W4-2«*Wl+W2> 

2110  VS»S2<W1#KE)*< I-l •l^DXI 

8120  VF«0. 

2130  GO  TO  201  ' 

2140  21  AA-DXI/DZ2SQ 

2150  BB»S1G*DXI/DTAU 

2160  CC-CAP/DXI 

2170  CM1<I1)—AA*CAP 

2180  cell )»BB4AA*<CAPP*CAP) 

2190  C1<I1)—AA*CAPP 

8200  V1«6B*V1 

8210  V2»2«*CC*<W4-W1 ) 

2215  V3-0. 

2220  VS"S2(V1 «KE)*DX1 

8221  VF*0* 

8222  201  CONTINUE 
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BBS3 
222  5 
2227 
8230 
2232 
2234 
2236 
223R 
2240 
2242 
2244 
2246 
2248 
2250 
2260C 
227  OC 
2280 
2290 
230  0 
2310 
2320 
2330 
2340C 
2350C 
2360 
2370 
2380 
2390 
2395 
8400 
8410 
8420 
8430 
8435 
8440 
8450 
8460 
8470 
8480 
8490 
2500 
2510 
2520 
2530 
2540 
2550 
2560 
2570 
2580 
2590 
2600 
8610 
2620 
8630 
8640 


1F(KE*E0*2)G0  TO  815 
IF(I  •EO.IFDGO  TO  203 
GO  TO  205 

203  VF»(  I • I • >*CC*<  W2“W4*'8**DXI*HE(  Wl  /CAP)  ) 
205  CONTINUE 
IFd.LT.IFDGO  TO  213 
GO  TO  215 
213  CM1(11)«0* 

CKI  l)"0» 

C(I1)-1* 

VF-WF-Vl -V2-V3-US 
215  V( II >«V1^V2*V3*VS^VF 
23  CONTINUE 
25  CONTINUE 


2 *LE*  1 *LE« 
DO  28  I-2/IM2 
I1>IS( 1/ JM2) 
CMK  11  )-0* 

C< II )»1 • 
CKI1)»0« 

28  V<I1)»W0 


IM2  AND  J»JM2  NEXT* 


IM2*1  /LE*  I /LE*  IM  AND  J«JM  NEXT* 

DO  36  I«1M21P«1M 

11»1SP(I/JM) 

I2-II-1 

I3»ISP< I-l^ JM) 

I4-1SPU  + W JM) 

IF< 1 •LE* IM21P)I3»IS< IM2/ JM> 
W1«V(I1) 

W2>W(  12) 

W3«W(  13) 

W4"W( 14) 

SIG-SIGMAKWl/KE) 

CAP-CAPPAKWl/KE) 

AA-DXI/DZSQ 

BB»SI6*DXI/DTAU 

CC-CAP/DXI 

IF( I 'EO* IM)GO  TO  32 

C I < 1 1 ) -0  • 

CMl < 11 )»-2»*< I*l •)*AA*CAP 
CC II)»< I-l.)*BB^2»*(I-l»>«AA*CAP 
Vl«< I-l • )*BB*Wl 
V2-CC«(W4-W1 ) 

V3-C I-l*)«CC*CW3-8**Wl^W4> 

VS-SKWl  /KE)«<  I-l«)*DXI 
V(  1 1 )"Vl+V2*V3*VS 
QO  TO  33 
38  Cl(ll)"0* 

CMl  ( 1 1 ) — 2**AA*CAP 
C( II )"BB*2»*AA«CAP 
V1-BB*U1 

V2«8**CC«(W3-Wl) 

VS"SI(WI/KE)*DXI 
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8650  U(  1 1 >«U1  ♦V2<»VS 
8660  33  CONTINUE 

8670  36  CONTINUE 

8680C  

8690C  I«IM  AND  I •LE*  J •LE*  JM-I  AT  LAST 

2700  DO  45 

8710  I1»ISP(IM«J) 

2720  I2»I1«1 

2730  I3»ISP(  IM-1  , J) 

2740  V1«V(I1) 

2750  V2-V(I2) 

2760  V3«VM3) 

2780  SIQaSIGMAl  (VI  «KE> 

8790  CAP«CAPPA1  (VI  «KE) 

2800  CAPPaCAPPAl  (V2«KE> 

8810  AA-DXI/DZSQ 

2820  BB«SI6*DXI/DTAU 

8830  CC-CAP/DXI 

8840  IF(J«E0«1)Q0  TO  40 

8850  CMl  ( 1 1 )>-AA*CAP 

8860  C(I1 )«BB«AA*(CAPP«CAP> 

287  0 C1(I1)—AA*CAPP 

8880  V/1*BB*V1 

8890  V2a2«*CC*(  V3-V1  ) 

2900  VS«S1(V1#KE)*DXI 
8910  U(  II  )«V14V2«VS 
8915  GO  TO  42 
8980  40  CM1(I1)«0« 

8930  C( II )«BB^2«*AA*CAP 
8940  C1(I1)«-2«*AA*CAP 

2950  V1-BB*V1 

8960  V8«-AA*(CAPP-CAP>*G(V1*KE>*DZ 

2970  V3«8«*CC*(V3-V1  >'»2**AA»DZ*CAP*G(  VI  «KE> 

8980  VS-SKVl  «KE)*DXI 

2990  V(  II  )-VI  ♦V2«V3«VS 

2995  42  CONTINUE 

8998  45  CONTINUE 

4D00C  ——  — — — —— 

401 0 IF(KE«EQ«1  )GO  TO  60 
4080  GO  TO  62 

4085  60  CALL  TDMATKVAND#  JM21P#MT0T) 

4030  GO  TO  66 

<040  62  CALL  TDMATI(VCAT««M2IP>MTOT> 

4050  DO  64  M-JM81P«MT0T 
4060  VAN0DE(M)«VAND(M) 

4070  64  VCATHD(M)»VCAT(M) 

4072  DO  65  J>1»JM2 

4074  JH8J-JM24J 

4076  VANODE(  J)«VANODE(  JH2J> 

«78  65  VCATHD(  J)«VCATHD(  JM2J) 

4080  66  KE»KE<»1 

4090  IF(KE*LT.3)G0  TO  8 

4100  NTIM-NTIM+1 

4110  IF(NTIM.GE«31  >00  TO  68 

4180  GO  TO  7 
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68  KCYC-KCYC+1 
IF(KCYC.LE.10)G0  TO  4 
MCYC-NCYC+KCYC-1 
REWIND  8 

WRITE(2*83)MCYC* JM* JM2»MT0T 
WMAXC»0* 

DO  70  M-WMTOT 

IF(VANODE(M) .GE^WMAXA) WMAXA>WANODE(  M) 
IF(WCATHD(M) .GE.WMAXC)WMAXC»WCATHD(M) 
70  CONTINUE 
UMAXA»UO«WMAXA 
UMAXC»UO«WMAXC 
VRI TE( 2 « 84 ) UMAXA « UMAXC « WF 
WRI TE( 2 * 85 ) RADI  * RAD2  « PLNGTH* RLNGTH 
UR I TE( 2 « 8 S ) DELR«  DELZ 1 « DELZ2 • DELT 
DO  72  M-UMTOT 

72  WRITE(2*87)WAN0DE<M)#WCATHD(M) 
REWIND  2 
END 


FUNCTION  S1(W«KE) 

COMMON /BLK5/ IF1»IF2»JF1*  JF2» IM* IM2  * JM*  JM2  * DELR* I * J 
COMMON /BLKl /AMP ( 500 ) « AREA 1 « AREA2 » 

UO»XO*NTIM» THKAV 

COMMON/BLK6/RIO»RIOSO#R20#R20SQ#H* WF»D 
EK(Y#KK)«1  .E*6/<7*^I»29*<Y-lO) 

IF<KE.EQ.2)G0  TO  150 
PI«2«*ASIN(10 
CURD*0* 

IF(I«LT«IF2*AND«J*LE*JF1)G0  TO  2 
GO  TO  4 

2 CURD»DELR*<I-I •)»AM?<NTIM)/(2.»D»AREA1 ) 

GO  TO  100 
4 CONTINUE 

IF(  I «GE« IF2«AND* J*LT* JF2)G0  TO  6 
GO  TO  8 
6 CONTINUE 
Rl»<  IM-1)«DELR 
R1S0»RI«R1 
DEN»PI*(R1S0-R10SQ) 

CURD*AMP(NTIM)/DEN 
GO  TO  100 
8 CONTINUE 

IF(  I •GT* IM2*AND* J*GE* JF2)G0  TO  10 
GO  TO  12 

10  FAC1»FL0AT< IM2-l)/< I-l*) 
FAC2»AMP(NTIM)/<2»*PI*<IM2-1 .)«DELR»D) 
CURD-FAC1«FAC2 
GO  TO  100 
12  CONTINUE 

IF(IF1*LE*I*AND*I*LE*IM2*AND>JF2*LE*J)G0  TO  14 
GO  TO  100 

14  R20*(  IFl-1 • )»DELR 

R20SQ»R20*R20 
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SD76  R2>(IN2-1  .)*DELR 

5078  R2S0>R2*R2 

5080  DEN>PI«(R2SQ*R20SQ) 

5082  CURD>AMP(NTIM)/DEN 

5084  100  FACC»XO*XO*|  .E^7/CEKCW#KE)*THKAV*UO) 

5086  SI»CURD*CURD*FACC 
5088  RETURN 

5090  150  FAC1>AMP(NTIM)*AMP(NT1M)/(AREA1*AREA1*EK(  V«KE)) 

5092  FAC2»X0*X0*|  .E+7/(THKAV*llO) 

5094  S1«FAC1*FAC2 

5095  RETURN 

5096  END 

5098C  

5099C  

51 00  FUNCTION  S2(W«KE) 

5105  COMMON/BLKS/IFl* IF2« JF1> JF2«IM>IM2>JM« JM2#DELR«1« J 
5110  C0MM0N/BLK1/AMP(500)*AREA1>AREA2> 

5111+  UO«XO«NTIM«THKAV 

51  IS  COMMON/BLK6/R10«R10SQ>R20>R20SQ>H>WF>D 

5120  EK(Y*KK)«1  .E+6/(  1 •647^1  .29*(Y-1  •>  ) 

5121  IF(KE*EQ*2)G0  TO  150 

5122  PI»2.*ASIN<  1 .) 

5126  CURD-0* 

5127  IFdFl  *LE*I*AND*I*LE*1M2>60  TO  14 

5130  GO  TO  100 

5132  14  CONTINUE 

5136  R2-<IM2-1.)*DELR 

5138  R2SQ-R2*R2 

5140  DEN-PI  •(R2SQ  *82080  ) 

5142  CURD«AMP(NTIH)/DEN 

5144  100  FACC-XO*XO*1  .E-f7/<EK(W»KE)*THKAV*U0> 

5146  S2-CURD*CURD*FACC 
5148  RETURN 

5150  150  FAC1-AMP(NTIM)*AMP(NTIM)/(AREA2*AREA2*EK(  V#KE)> 

5155  FAC2-X0*X0*1  *E«7/(THKAV*U0> 

5160  S2-FAC1*FAC2 
51 65  RETURN 
5170  END 

5180C  

51 90C  

5300  FUNCTION  G(V«KE) 

532  5 C0MM0N/BLK2/V  A ( 1 000 ) # VCCl 000  > # DZ« 1 1 

5330  C0MM0N/BLK1/AMP(  500)#  AREA  1 #AREA2# 

S340«  UO#XO«NTIM«THKAV 

5342  COMMON /BLK3/DELT«THKA1#THKC1 

5343  CAP(V#K)-l  ••<2-K)^l  **(K-|  > 

5344  TH(K)-TKKA1 

5345  Wl-WA(Il) 

5346  W2-VC(I1) 

5350  RC-4.E-6 

5360  DELV-40* 

5380  TIMW-9.5*NTIM*DELT 

5385  IF(NTIM.6T.R0)TIMV«.194(NTIM-20)*DELT 
5450  IF(TIMV*LE**19)60  TO  8 

5460  60  TO  10 
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5ft70  8 ANUM»AMP(NTlM)*AMPiNTlM)»XO*i .E+7*RC 

M72  DEN>AREA1*IK)*TH(KE>*CAPCV«KE) 

5474  HEAT*ANUM/DEN 

5476  FACA>*5-»«5*(V2-V1  >/(U2«Vl  ) 

5478  FACC«*S-*5*(U2*UI  )/CV2-t>Wl) 

5480  G1«HEAT*<FACA»(2-KE>+FACC*CKE-1 ) ) 

5482  T0P«TH(KE)*Wl-TH<KE>*tf2 
5484  B0T»2.*I)Z»TH(KE)*CAPCW#KE> 

5486  G2-T0P/B0T 

5487  L»3-2*KE 

54  8 8 G-G1-G2*L 

5520  RETURN 
5630  1 0 CONTINUE 

5640  1F<T1MU.LE.. 192)60  TO  12 
5550  GO  TO  14 

5660  12  FAC«AMP<NT1M)»DELV*X0*1  .E+7 

567  0 DEN-AREA  1 •HO *TH<  KE ) *CAPC  W#  KE ) 

5680  G-(2*KE)*FAC/DEN 
5590  RETURN 
5600  14  G-0. 

5700  RETURN 
5710  END 

5720C  ...  — ... 

5730C  - 

5800  FUNCTION  HE(WV«CC) 

5810  C0MM0N/BLK5/IF1#1F2# JF1« JF2« IH# IM2* JM* JM2«DELR* I # J 
5850  C0MM0N/PLK6/R10#RI0SQ#R20#R20S0»H#WF#D 
5870  XO-.04 

58  8 0 ThKAV-2.544E+7 

5890  PROD-H»XO/THKAV 

5895  PROD— PROD 

5900  1F(VV*LE«WF)G0  TO  2 

5910  GO  TO  3 

5920  2 HE-0* 

59  3 0 RETURN 

5940  3 HE»PROD*(W-WF)/CC 

5950  IF<  J.GT.  JF1)HE—5»HE 

M60  RETURN 

597  0 END 

598 OC  

5990C  

9000  SUBROUTINE  TDMAT1(U«K1 #KMAX) 

9010  DIMENSION  U( 1 000 )«6AM( 1 000 ) «DETA( 1 000 ) 

9020  COMMON/TDMl/A( 1000)«B( 1000)#C( 1000)«D( 1000) 

90  3 0 BETA(K1  )=R(K1  ) 

9040  OAMCKl  )«n(Kl  )/nETA<Kl  ) 

90SI)  KlP-Kl  + 1 

9060  DO  10  K*K1P»KMAX 

9070  BETA(K)-B(K)-A(K)*C(K«1 )/BETA(K-l  ) 

9080  10  GAM(K)-(D(K)*A(K)*GAM(K-1  >)/BETA(K) 

9090  U(KMAX)-GAN(KMAX) 

9100  KMAXM-KMAX-1 

9110  DO  20  L=.<1  #;UAXM 

9120  K«KtMAX+Kl-L-l 

91.10  20  n(K)=GAM<K)-C<K)*U(K+l  )/DETA(K) 

9140  RETURN 

91  SO  END 
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APPENDIX  B 


COMMUTATOR  CIRCUIT  ANALYSIS 

B-1  Commutator  Circuit  Requirements 

The  initial  commutator  analysis  was  based  on  the  assumption  of  a 
much  larger  commutation  period  being  needed  than  that  later  realized  in  our 
VI  development.  Computer  programs  were,  therefore,  set  up  for  analysis  of 
circuits  wherein  the  commutator  contributed  a major  part  in  slowing  down  the 
voltage  rise  to  2-5  kV/ysec  or  100  kV  in  40  i'*jeconds. 

Basically,  the  function  of  the  commutator  is  to  extinguish  the  arc 
in  the  VI,  although  by  suitable  design  it  subsequently  will  contribute 
some  to  the  other  function.  Controlling  the  voltage  rise  to  acceptable 
limits,  however,  is  the  function  of  the  overall  circuit,  which  includes  the 
power  source,  energy  storage  element  (coil) , load,  and  switch. 

Nevertheless,  the  computer  programs  as  carried  out  provide  very 
useful  information  about  the  overall  behavior  of  the  complete  circuits  from 
switch  opening  to  application  of  the  load. 

Although  the  coil  and  load  circuit  fundamentally  require  a capaci- 
tance of  approximately  8 uF  to  constrain  the  voltage  rise  to  2.5  kV/ysec, 
the  analyses  were  performed  with  this  capacitance  reduced  to  4 yF  giving 
the  commutator  the  extra  burden  of  constraining  the  voltage  rise. 

The  programs  start  with. simple  damped  L-C  circuits  and  expand  to 
multisection  pulse  forming  networks.  All  of  these  are  aimed  at  providing  a 
long  arc  extinction  period  (greater  than  10  ysec)  and  to  constrain  the 
voltage  rise  to  less  than  100  kV  in  40  ysec.  Both  digital  and  analog  computer 
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B-2  Digital  Computer  Analysis 

Figures  B1  through  B4  summarize  the  results  of  a single  section 
network  with  a load  resistor  of  2.6  Unfortunately  the  load  resistor 
matches  the  circuit  only  during  the  very  short  period  where  the  arc  impedance 
can  be  considered  negligible.  No  exact  expression  is  available  for  the 
impedance  of  the  arc,  but  as  an  approximation  the  relation 


- £ fl  + — (1  + t^)  = 0.025  (1  + t^)  ohms 

SW  ■ I ^ ' 20,000A 


has  been  used,  where  t is  expressed  in  psecs. 

Figure  B1  shows  the  VI  current  for  two  combinations  of  L and  C 

and  Z of  = 2.5  ohms.  Note  the  time  for  I reversal  in  each  case.  Figure 
o 

B3,  which  is  for  a compressed  time  scale  and  expanded  scale,  shows  that 

the  current  reverses  again  before  damping  to  zero. 

Figure  B2  shows  that  the  commutator  current  remains  much 

higher  than  throughout  the  transient.  This  means  that  the  voltage 
source  E must  be  able  to  tolerate  this  transient  in  addition  to  supplying 
the  current  to  charge  the  storage  coil  initially.  This  surge  into  the 
voltage  source  E,  however,  is  based  on  the  time  function  given  for 
In  reality  it  may  be  assumed  that  the  VI  interrupts  during  this  time. 

Figure  B4  shows  how  the  storage  coil  and  vacuum  interrupter 


voltaqe  varies  with  time. 


TVif»  averaae  rate  of  rise  of  voltage 


in  each  case  is  approximately  3 kV/usec.  However,  the  lower  frequency  L-C 
combination  delays  the  start  of  voltage  rise  by  nearly  2 to  1 and  would 


appear  preferable. 


iAgain,  the  cost  is  twice  as  much  stored  energy  in  the 
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S73-0203-VA-19 

Figure  B-2.  Single  section  network  commutator  current  vs  time. 
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S73-0203-VA-20 


Single  Section  Network  Commutator  Computer  Program 


HhURhPt'  VACSW? 

0(1  IOC  PKIM  "r*,  “K)*',  "V-L  !••»  •*! -SV."#  •’V-SW” 

00110  FFAI)  F#Ll#Cl>Lg#C?>H 

C0120  DATA  i>.6*  {f7F-6*  4F-6,  5E-3*  4E -6 

CCl  3C  FMNT  ••K=**F#*T1=**C1#**L  1="L  1*  ••C  ?=”C£;*”L2»"L? 

COIAO  DATA  IE -7 

CCl 50  1F=2EA 

0C16C  K0=500/1  2 

00170  K = 1E  18 

00180  V1  = 1F5 

0019C  FptR  T=0  TO  ?OE-ft  STEF  H 

r 0?CC  VI =V l-I 1*H/C1 

0021C  I Isl  1 + V2+H/L  1 

C0?20  V2=V1  -I  14  F-V3 

CCPAC  I 4=1  2+13 

C('245  1 5=1  l-I  4 

2 46  V3=15*F0 

0C25C  IF  15  = >C  1>1FN  270 

0(  260  N'FM  T 

0C270  FRINl  1#KC*V2#15>V3 
( 028  0 FFIiMl  ••Vl=”Vl 
26b  l(i=T 

( 0290  Fhli\l  •'1’'#*’R0*%”V-L1”»”1-SU”,  "V-SW 

300  F4)F  T1»T0  TO  500E-6  STEF  bO*H 

310  FOR  T=T1  TO  T1  + 50*H  STEF  h 

CC32C  FC=5t C*< !♦( T-10) t3»K)/I 2 

00330  V1=V1  -1  UH/Cl 

00340  1 1*1  1 + V24H/L1 

00350  V0*V0+1  3’»H/C2 

( 036(  1 2 = 1 2+V0+H/L2 

0C37C  1 3=1  4-1  2 

00374  1 4=1  1-1  5 

C0376  15=V3/RC 

00380  V2*V1  -1  l + H-VO 

00390  V3=V1-V2-1  1*P 

00400  NFM  1 

0 0410  FRINT  T#  RO#  V2#  I 1-1  2-1  3#  V3 
CC42('  next  T1 
0043C  END 
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4 X lo'^  X 10^° 


= 20  kilojoules 


li 


Although  the  voltage  rise  is  slightly  steeper  than  the  specified 
rate  of  2.5  kv/useo,  the  arc  extinguishes,  and  the  VI  recovers,  shortly 
after  the  1^^^  transition  through  zero.  The  curves  of  Figure  B4  will,  there- 
fore, lie  entirely  holow  the  VI  voltage  recovery  curves. 

Figures  B5  through  B8  show  corresponding  transient  shapes  lor  a 
two-section  network.  Note  the  differences  between  Figures  BI  and  B7  for  the 
interrupter  current  compare  the  4uf,  27  m transient  of  Figure  B3 

with  the  20  usee  pulse  of  Figure  B7.  (The  total  capacitance  is  approximately 
equal  tor  these  cases.)  Note  that  in  Figure  B3  the  interrupter  current  is 
Changing  rapidly  up  to  about  15  psecs  after  the  commutator  cycle  is  initiated, 
in  this  case  the  vacuum  Interrupter  may  not  open  since  the  current  is  still 
high  (-250A).  in  Figure  B7  the  20  psec  pulse,  high  current,  rapidly 

changing  portion  is  completed  in  about  7.5  usees.  Then  for  7.5  usees  the 

rate  of  change  of  current  and  the  magnitude  are  both  low.  This  should  be 
the  condition  which  will  permit  complete  deionization.  The  pulse  shapes 
shown  are  tar  from  optimum,  but  do  indicate  the  possibility  of  some  shaping 
of  both  the  current  amplitude  and  rate  of  change  to  suit  the  ultimate 
switch  behavior  better  than  for  the  single  section  network. 

The  results  thus  far  Indicate  that  commutation  networks  with 
more  sections  to  reduce  pulse  top  ripple  should  be  an  advantage  in  minimizing 
current  variation  during  interruption.  This  should  be  possible  without 
increasing  the  tctal  capacitance  required. 
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2 Section  Network  Coitmute-cor  Computer  Program 

M-i  f ?-^  ,v  If  H 

r f 1C  ( 1-  n A 1 "i-M  ('K' h r 5. . ••>  •'!  -( "i  -cnu.”*  "v-f  r- 

ft  in  I’H  M 

( ( i;-(  iMf  . Vj . . 1 V, . ( f f , 1 ( ( V p.  A 

( t 1 ?(  \ /If  r f F - f.j  IF  -fs 

ffi^f  rfif  -fj  sf-3j  j^F 

I f 1 ^f  ( 1 =/  1 7//. 

( ( If  ( f t:  = t » 7//- 

( (■  1 7(  L 1 =(  i 7-1  / 

I ( It-  f 1.  ^ =1  - 7=»z. 

( ( I'-i  V.  1 =F 

( I :•  I ( HIM  = = -7  = "7 

( I f I F 1 A I *’f  1 =*'f  1 t •TF  = *TF- 

t t M MM  "LI  ="l  1 . "L^  = "LF 

t ( F :u  F 1 I V 1 "f  :'  = "C3 

t t ; / ( t-  - 1 r 1 -• 

(tFb(  ML  7 1=t  I - F(l-f  MFf  ff»H 

( ( F f < M t 7-11  7;'  M ♦ ‘■•f  ♦ F f IF  » F 

t I F 7(  V-  1 =V  1 -1  H F/t  1 

t ( FF  t V ^ =U  + 1 F -tL/f  F 

t t -fVt  ' ;<  = V-  1 -L',  -1  1 » F 

((:»((  11  = 11  m;--f/i  1 

( ( :nt  J :<-i  :<-^vf  mi/i  f 
( r :<F  ( iF  = ii-'C' 

( f .'-C'f  Ir  Il-l(  = >r  'IFFi'v  ( (■:>7( 

( ( F / 1 7 

( ( :'M  t M ;M  7*  1 F f . 1 |\7(  1 F /.»  } n / IF  i f > V f M i\7  ( 1 F V/  1)  / 1 F A 

((.'•ft  'Ffl  7 1 

( I :i7(  l(='l 

((3Fi  M 1 1 "7(="7( 

( ( ( I F J iM  "7  - M n-M  3K  r f,  ",  "I  -(  *>  . ",  "1  -M-.  ",  "V.  -IWl  1 / 3F..  ",  "I  I " 

((/,((  Kii  7i=7f  7(1  l((F-(«^  MF  1 Iffi*!- 
f ( /■  1 ( - M I = T 1 T ’ 7 M 1 ( ( • F M F F F ■ 

I I I ! f r .(  F-*"  ( H ( T- T(  ) T ; 

( ( / ?(  V 1 rv,'  1 -1  M F-zr  1 
( ( z/ ( Vi  =V  F ♦ 1 i - F/fF 
((/*-(  V'3=V,  1 - V/F  -V/ f -1  M I- 

( i.^-f  ( 1 1 = 1 M V-3  • F/1.  1 

( i z-Tl  J 3=1  :•!■»  V'F-x  f/LF' 

( ( /(M  1 F'  = ! 1 - 1 3 

f ( Z"  f H =V./7  / M 
f ( S ( ( I7=ll-If 
f f S 1 ( \ f =V  f •,  1 

f ( s;.  ( I ■ = M -t  V/<  ^ F/Lb 

( ( S."(  ] 4=1  7 -1  f 

( ( b / ( V7  = V 1 -V>  F 1»  F 

i lbM  I'.F  ^ I 7 

(ISM  I r M'  1 I-  1 P f , I ^ 1 ( 1 r ( ♦ J 1)  / 1 f t , 1 M ( 1 ( 0*  1 b ) / 1 f f , 1 .\  ( ( 1 f ( M.  F ) / 1 f f , 
( ( S7(  F FI  i'7  1 iM  ( 1 1 ( -M  M / K f 
( (.SM  : r>  I 11 
I I b V ( c i'  i 
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An  investigation  of  a 5-section  1.25  ohm,  20u  sec  Type  C network 
was  performed.  This  network  is  not  ideal  from  a pulse-top  ripple  point  of 
view,  but  is  easier  to  compute  cnan  the  flatter- topped  Type  E which  involves 
mutual  coupling  between  inductors. 

Figure  B9  shows  the  initial  portion  of  the  VI  current  for  two 
values  of  initial  network  voltage.  The  51  kV  transient  is  similar  to  that 
for  the  20  usee,  2-section  network  (Figure  B5)  except  that,  since  the  pulse 
rise  time  is  shorter,  the  current  zero  occurs  earlier.  The  47  kV  transient 
may  be  advantageous  since  the  current,  and  hence  the  voltage  across  the  VI 
never  reverses. 

Figure  BlO  shows  the  commutator  current  pulse  shape.  Note 

that  the  post-pulse  reflections  are  worse  than  for  the  single  and  2-section 
networks  because  the  mismatch  to  the  lower  impedance  network  is  worse  after 
the  VI  opens.  The  effect  of  these  reflections  is  seen  in  Figure  B12  in  the 
steeper  rise  in  coil  voltage  in  the  interval  between  18  and  30  usec. 

Figure  Bll  shows  the  VI  current  (Igy^)  on  an  expanded  scale.  Note 
that  for  the  51  kV  transient  the  current  reverses  twice , as  it  does  for  the 
simpler  networks.  For  the  47  kV  transient  the  current  never  reverses.  In 
both  cases  the  amplitude  of  the  ripple  after  about  5 usees  is  only  slightly 
less  than  for  the  simpler  networks.  It  is  possible  to  reduce  this  ripple 
considerably  with  the  Type  E network  so  as  to  have  a more  precise  control  of 
VI  current  during  interruption. 

The  computer  program  utilized  in  generating  these  results  is 


shown  in  Table  B3. 
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5 Section  Network  Commutator  Computer  Program 
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Table  B-3 
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5 Section  Network  Coiranutator  Computer  Program 
(Continued) 
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B-3  Analog  Computer  Analysis 


Analog  simulation  has  the  advantage  of  fast  printout  in  graphic 
form.  With  a multi-channel  recorder  many  waveforms  of  voltages  and  current 
can  be  simultaneously  observed.  Changes  of  component  values  can  be  rapidly 
made  to  find  overall  circuit  effects.  Since  the  analog  computer  operates  in 
real  time  with  limited  amplitude,  time  scaling  and  amplitude  scaling  are 
necessary  for  mechanization  of  the  equations.  Thus,  the  programming  of  the 
analog  simulation  is  somewhat  more  involved,  but  it  does  allow  non-linear, 

time  variation,  and  step  functions  to  be  included. 

After  simulation  of  the  one  section  commutation  system  previously 
discussed,  the  analog  computer  was  programmed  for  the  three  section  network 
Shown  in  Figure  B13,  Basically,  this  is  a three  section  E-type  pulse  forming 
network.  The  network  is  a lumped  constant  transmission  line  used  to  commutate 
the  current  in  the  interrupter.  It  has  the  characteristic  of  producing  an 
essentially  flat-topped  current  pulse  for  a given  time  duration.  Unlike  a 
single  section  capacitor  which  when  discharged  would  give  only  one  current 
zero  crossing  in  the  vacuum  interrupter,  the  network  can  produce  current 
zero  for  a much  longer  period  of  time.  This  provides  the  interrupter  a 
longer  period  for  deionization  and  delays  application  to  the  interrupter  of 


the  high  voltage  produced  by  the  storage  coil. 

The  network  is  used  in  the  circuit  shown  in  Figure  B14.  The  sequence 

of  operation  of  the  circuit  shown  in  Figure  B14  is  as  follows..  E is  the  source 
voltage  supplying  20,000  amperes  to  storage  coil  L.  SWl  is  the  vacuum 
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Figure  B-13.  Three-section  E-type  pulse  forming  network. 
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Figure  B~14  Network  Commutator 

interrupter  which  opens,  but  arcs,  at  20,000  A,  When  SWl  is  fully  opened^ 

SW2  (spark  gap)  is  closed  discharging  the  network  into  the  coil.  Impedance 
and  charge  voltage  V is  such  that  the  network  supplies  20,000  amperes  for  a 
definite  period  of  time.  During  this  time,  current  ceases  to  flow  through 
the  vacuum  interrupter,  thus  allowing  the  arc  to  extinguish.  At  the  end  of 
the  current  pulse,  voltage  rises  across  storage  coil  L due  to  the  collapsing 
magnetic  field.  At  the  proper  voltage  level  SW3  closes  and  connects  the  load 
This  entire  sequence  has  been  simulated  on  the  analog  computer  for 
various  network  parameters,  and  the  results  will  be  described  in  detail. 

A time  period  of  20  nsec  was  assumed  to  be  adequate  for  arc 
extinction  and  VI  plasma  decay.  Table  B4  lists  parameters  for  20  nsec  three 
section  networks  ranging  in  impedance  levels  from  0.5  ohm  to  2.5  ohms.  The 
section  and  total  network  capacitance  are  given  for  each  network.  It  can  be 
seen  that  the  total  capacitance  decreases  rapidly  between  0.5  ohm  and  1,5  ohms 
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table  B4 

THREE -SECTION  COMMUTATION  NETWORKS 
PULSE  WIDTH  OF  20  |iSEC 


i 


NETWORK 

IMPEDANCE 

(OHM) 

SECTION 

CAPACITANCE 

(pFD) 

TOTAL 

CAPACITANCE 

(pFD) 

STORAGE 

VOLTAGE 

(KV) 

ENERGY 
,0SS  PER 
PULSE 
(W-SEC) 

WATTAGE 
LOSS 
5 PPS 
(KW) 

0,5 

6,9 

20,7 

20 

4,000 

20 

1,0 

3,46 

i0,38 

40 

8,000 

40 

1,5 

2,3 

6,9 

60 

12,000 

60 

2,0 

1,73 

5,19 

80 

16,000 

80 

2,5 

1,38 

4,14 

100 

20,000 

100 

and  then  decreases  rather  slowly  from  1,5  to  2,5  ohms.  Storage  voltage  re- 
quired on  the  network  prior  to  discharge  is  shown  in  the  next  column.  Maximum 
voltage  of  100  KV  is  required  for  the  2,5  ohms  network.  Since,  however,  all 
of  the  networks  must  withstand  the  100  KV  produced  by  the  coil,  they  all  would 
require  capacitors  with  the  same  voltage  rating,  and  the  2,5  ohms  network 
would  have  the  minimum  weight.  Stored  energy  per  pulse,  and  hence  total 
wattage  loss  at  5 PPS,  is  minimum  for  the  0,5  ohm  network.  In  addition  to 
the  trade-off  between  minimum  weight  of  capacitors  and  minimum  losses  as  a 
function  of  network  impedance,  considerations  must  also  be  given  to  power 
supply  weight.  As  shown,  there  is  a five  to  one  difference  in  losses  which 
must  be  supplied.  Thus,  as  the  network  weight  is  reduced  there  is  an  increase 
in  power  supply  weight  with  additional  coolant  requirements.  For  the  purposes 
of  study,  the  1,5  ohms  network  was  selected  as  a compromise. 

The  20  psec  schematic  and  equations  are  shown  in  Figure  B13,  Element 
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value,  lor  the  various  networks  are  given  in  Table  B5.  ttose  selected  and 
used  are  given  ior  the  1.5  oh»,  network.  In  the  Figure  B13  schematic,  L^.  L,. 

L represent  coil  values  o£  inductance  Kith  mutual  coupling  “23 

^ r C and  C.,  have  the  same  value 

given  in  Table  E5  The  three  capacitors  Cj^,  C^,  3 

of  2.3  u£  each.  Oie  equations  and  cle^nt  values  uere  mechanUed  as  shov,n 

in  Figure  BlS.The  output  current  waveform  of  the  E-type  network  und 

. a Rift  Peak  current  was  20,000  amperes 

matched  load  condition  is  shown  in  Figur 

into  a 1.5  Ohm  resistive  load.  Approximately  15  sec  flat  top  is  available 

for  the  commutation  period. 


table  B5 

three  section  commutation  network 
PULSE  width  of  20  pSEC 


"l.O  1.5  2.0 

2.5 

2.34 

4.68  7.02  9.36 

111.7  pH 

1.27 

2.54  3.81  5.08 

6.35  pH 

1.37 

2.74  4.11  5.48 

6.85  pH 

0.158 

0.316  0.474  0.632 

0.790  pH 

0.173 

0.346  0.519  0.692 

0.865  pH 

6.9 

3.46  2.3  1.73 

1.38  pFD 
- 

Using  the  techniques  described  above,  the  commutating 

system  was  simulated  on  the  analog  computer.  Schematic 

,1,  The  current  flow  is  as  follows:  i^  is  coMsutating  current  supp  e 

on  L i is  load  current 

by  the  netuork.  i^  is  current  in  the  storage  coil  L.  ij 
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Figure  B-16.  Current  waveform  of  E-type  network 


L = 5 mh 
C = 1/ild 
R|^  = 10  ohms 

Rj  = .05  ohm 
R|^  = 1.5  ohms 
E = 1000  V 

S73-0203-VA-34 

Figure  B-17.  Schematic  of  Commutator  and  Interrupter  Circuit. 


supplied  from  storage  coil  L,  and  i^  is  current  from  source  voltage  E to 
storage  coil  L prior  to  commutation,  Rg  is  the  resistance  of  interrupter  plus  all 
connecting  cables  and  contacts  and  is  assumed  to  be  0.05  ohm  total. 

Mechanization  of  the  interrupter  and  storage  coil  equations  is  shown  in 
Figure  B18. 

Waveforms  of  a complete  switching  cycle  are  shown  in  Figure  B19.  Both 
zero  reference  level  (0)  and  initial  conditions  (I.C.)  are  given  for  current 
i^  and  i^,  where  the  vertical  scale  is  5,000  amperes/cm.  is  the  voltage 
across  capacitor  C produced  by  the  discharge  of  energy  in  the  storage  coil  L, 
and  also  the  voltage  appearing  across  the  load  resistor  when  it  is 
connected.  It  can  be  seen  that  initially  i^  and  i^  have  a value  of  20,000 
amperes  at  the  end  of  the  charge  cycle.  At  time  T^,  switch  $2  is  closed 
causing  the  network  to  discharge.  The  discharge  current  from  the  network  is 
shown  as  i^^  which  commutates  for  a period  of  15  psec.  During  this  period  of 
zero  current  of  i^,  the  arc  is  assumed  to  be  quenched  and  switch  1 (interrupter) 
recovers.  Following  the  commutation  period,  voltage  rises  across  the  storage 
coil  as  shown  by  V^.  At  approximately  70  KV,  load  resistor  R^  is  connected  by 
closing  switch  3.  The  voltage  continues  to  rise  to  approximately  90  KV  then 
decays  in  an  R-L-C  transient.  It  is  interesting  to  note  the  influence  of  the 
network  after  commutation.  After  discharge  of  the  network,  the  voltage 
build-up  across  the  storage  coil  causes  the  network  to  be  charged  in  the 
opposite  polarity.  This  can  be  seen  as  ij^  continues  to  flow  after  network 
discharge.  Interaction  of  the  network  and  coil  causes  ripple  on  the  output 
voltage  as  shown  by  V . During  the  output  pulse,  the  coil  current  i,  decreases 

C 

to  zero.  Figure  B20shows  the  same  cycle  except  that  the  load  R^  is  switched 
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Figure  B-19.  Current  and  Voltage  Waveforms  of  Complete  Switching  Cycle, 
Load  connected  at  voltage  of  70  kV. 


into  the  circuit  at  a higher  voltage  level. 

Figure  B21  uhowu  the  influence  of  adjueting  the  netvork  to  produce 
ripple  on  the  pulse  plateau.  In  this  case,  the  three  section  network 
produces  a three  cycle  ripple.  During  coaw.utation  this  will  give  a total  of 

in  i Multiple  tero  current  points  such  as  this 

six  zero  current  points  in  ig. 

should  aid  in  the  commutation  and  arc  quenching. 

The  multi-section,  E-type  network  has  been  shown  to  give  excellent 
commutation  of  current  in  the  interrupter  switch.  The  apparently  more  rapid 
voltage  rise  from  the  coll  in  Figures  B19  to  B21  as  compared  with  those  of 
the  digital  analysts  is  misleading.  Two  facts  must  be  considered,  namely, 

(a)  the  VI  recovery  will  start  at  the  beginning  of  the  flat  and  long  com- 
mutation pulse.  B voltage  recovery  line  at  2.5  kv^sec  drawn  from  this 
point  will  lie  entirely  above  the  curve,  and  the  VI  will  therefore 
easily  withstand  the  voltage  b.uld-up  from  the  coil,  (b)  The  capacitor  C 
across  the  coil  in  this  circuit  is  only  lUF  as  compared  with  l^f  in  the  cir- 
cuits of  the  digital  computer  analysis  . This  capacitor  will  therefore  con- 
tribute less  in  reducing  the  rate  of  voltage  rise.  Even  so,  the  steep  part 
of  the  V^  curve  corresponds  to  a value  of  capacitance  of  about  3uF.  The 
reduct  Jn  of  steepness  is  caused  by  the  current  i , from  the  PFB  after  its 
main  pulse.  Thus,  this  network  first  delays  for  a considerable  time  the 

, crprondlv.  it  reduces  the  subsequent  rate  of 

start  of  voltage  rise,  and,  seconaiy,  it 

voltage  rise. 
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B-4  Circuit  Characteristics 


i I 

I • 

I i 

I I 


The  E type  network  electrical  performance  characteristics  are  discussed 
in  Appendix  B3.  However,  to  fully  describe  the  circuit,  other  characteristics 
require  definition. 

A particular  advantage  of  the  network  approach  is  the  flexibility  of 
design  factors.  By  proper  choice  of  the  lumped  parameters  of  the  network 
various  waveforms  may  be  achieved.  That  is,  the  impedance,  pulse  length, 
ripple,  droop,  and  rise  time  can  be  controlled  by  element  choice.  Special 
waveforms  may  be  generated  for  a given  application.  As  a general  outline. 


characteristics  of  a network 

are 

chosen  as  follows 

Impedance  in  ohms: 

Zo 

= 

Vl/c 

Pulse  Width: 

T 

= 

2 ;tc 

Network  Capacitance: 

C 

T/2ZO 

Network  Inductance: 

L 

= 

TZo/2 

Rise  Time; 

Tr 

= 

T/2N 

Number  of  Sections; 

N 

The  general  equations,  however,  do  not  fully  describe  what  can  be  done  to 
achieve  the  desired  waveform.  By  controlling  mutual  inductance  of  coil 
sections,  the  pulse  plateau  ripple  may  be  adjusted.  Voltage  output  may  be 
tapered  by  varying  section  capacitance  or  inductance  along  the  network.  Other 
variations  may  be  achieved  by  using  saturable  reactors  for  the  coil  sections. 
Therefore,  the  network  may  be  tailored  to  compensate  for  affects  such  as 
generator  source  inductance  or  storage  coil  impedance. 

Reliability  and  life  are  important  considerations.  As  mentioned  be- 
fore, the  only  component  exhibiting  limited  life  is  the  vacuum  gap  in  the 
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.hl=  can  be  conaidcred  an  axpandabla  item  and 
commutating  circuit.  However,  ^<„po„ente  prl- 

replaced  aa  part  of  routine  preventive  maintenanc  . 

. trial  deaign  for  a given  life  expectancy  unde, 
marily  depend  upon  mitral  deaig  designed  to 

riHons  Since  these  components  a 
vironmental  operating  con  i • 

The  power  aupply  for  c „ rvpe  uaed  for  high  pulse 

t.  • XT  - is  the  most  common  type 

The  first  - resonant  c argm  simplicity  of  opera- 

It  offers  high  efficiency  and  simplicity 

repetition  rate  systems. 

tion.  in  this  system  a D.C.  power  su 

rrent  is  fed  through  an  inductor  which  resona 
work  charging  current  transient  response  of 

a predetermined  frequency.  The  tra 

network  capacitanc  discharge,  the  net- 

after  network  discnarge, 

•4.  ae  <!uch  that  immediately  arc 

the  L-C  circuit  is  sucn  c Al- 

oroximately  twice  the  D.C.  supply  voltage. 

work  will  recharge  to  ap  charging  is  somewhat  heavy. 

. . 4.  fhis  method  of  network  charging  i 

though  highly  efficient, 

V , this  system  is  very  low.  advantage  can  be 
Since  the  P.H.r.  of  this  ,„,hcraft-Walton  will 

--  ^ Tis  eotifier  can  be  connected  directly  to 

have  Sired  weight  advantages. 

the  networh  without  than  the  holding 

Since  the  charging  curren  ,,domplished  by 

current  of  the  gaps,  the  commutation 
purposely  mismatching  the  network. 
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B-5  Breadboard  Test 

A breadboard  circuit  of  the  commutation  network  was  constructed  and 
tested.  The  circuit  schematic  is  sho’^  in  Figure  B22.  With  this  circuit  a 
relay  issued  as  the  interrupter.  As  it  opens  under  load  an  arc  initiates 
and  is  detected.  The  detector  circuit  causes  the  2N688  SCR  to  switch  to  a 
conducting  state  and  discharges  the  commutating  network.  Figure  B23B  shows 
an  arc  period  without  commutation.  Figure  B23A  shows  the  arc  quenched  by 
the  commutation  circuit.  In  Figure  B24A  the  voltage  rise  and  decay  of  the 
storage  coil  is  shown.  As  shown  in  Figure  B22,  the  decay  is  caused  by 
switching  the  5 fiload  (RL)  across  the  coil.  Figure  B24B  shows  the  network 
discharge  current.  In  general,  the  waveforms  of  the  circuit  are  in  good 
agreement  with  predicted  waveforms  produced  by  computer  analysis. 
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APPENDIX  C 


HYDRAULIC  SYSTEM  ANALYSIS 

C-1  Derivation  of  Operating  Eouations  For  Incompressible  Flow,  Large 

Signal  Transient  Response 

The  basic  building  block  of  the  hydraulic  system  is  the  valve  oper- 
ated piston  where  the  pistcn  is  retarded  by  Coulomb  friction  and  the  valve 
flow  is  proportion il  to  the  square  root  of  the  pressure  drop  across  the 

orifice.  The  following  development  will  show: 

(1)  The  --alidity  of  replacing  two  series  orifices  with  a single 

orifice. 

(2)  The  differential  equation  for  a typical  stage  including  the 
square  root  law  orifice,  Coulomb  friction,  and  lumped  parameter  fluid  com- 
pliance of  the  entrapped  fluid.  This  differential  equation  is  cumbersome 

to  solve,  and  will  be  replaced  by; 

(3)  The  solution  of  the  deiicription  of  the  rise  time  of  a com- 
pressible fluid  in  a blocked  load  and  the  load  motion  solutions  assuming  an 
incompressible  fluid.  This  will  yield  a description  of  the  basic  switching 

lag  time  of  each  stage  and  will  be  followed  by: 

(4)  The  incompressible  fluid  solution  for  two  pistons  being  driven 

by  a single  orifice  as  in  the  actuation  stage. 

C-i.i  validity  of  Replacing  Two  Series  Orifices  With  a Single  Orifice 

Schematically,  each  stage  of  the  valve  will  be  as  shown  in  Figure 

C-1. 
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Figure  C-1.  Schematic  of  valve  stage. 


Defining  P = 0 leads  to 
K 


(Pg  - p^)  + (P,)  + P,  ; 


L ’ 


2 2 2 

P.  = ^ + %r+P,  = 2^+P, 


0^  0^  ' 


0‘ 


P . p s 2 ^ 

fs  %2 


(C-1 


Thus  if  0 H “ , q * 0 VPo  ' P,  represented  by  a single  orifice  of 


° ri 

the  form  shown  in  Figure  c-2. 

Differential  equation  for  a typical  stage  including  lumped 


C-1. 2 


parameter  fluid  compliance,  square  root  law  orifice,  and  Coulomb  friction. 


Writing  y * gives 
at 


and  integrating  gives 


F-)  dt  + C *=  - r 
f o m 3 


m 


Substituting  for  y yields 


SO  that 


, i 


AFf  t 

= — + C + C, 
m o 1 


Differentiating  this  expression  gives 


d^P, 


0^  dPj^/dt  A AF^ 

^ ^ 


so  that 


d^P. 


,2 


dt  2j?;^ 


dPj^  A Pj^  Af 
dt  ^ m in 


and  the  pressure  equation  can  be  written  as 


-•X  . «0  "l  . 


Pressure  Eq. : VPg-  P^  jy  + T dT ~ '^^s” 

dt 


Rewriting  the  force  equation,  we  have 


p = _£  i 21  ° X 

L A A 2 
dt 


and  differentiating  with  respect  to  time  gives 


L _ m d X 

dt  ' A ^ 3 • 
dt 


Inserting  these  into  the  flow  equation  gives 


-P  .If  .eA 

* dt  «o'‘'s  A -A^^2  • 


Squaring  this  expression  and  rearranging  allows  us  to  write  a displacement 


equation 
2 


<?>■$> 


4.  4.  /dx.2  fl,  2 

^ < A + A (^)  = 0^  (Pg  . — ) (c-3) 

dt 


and  a velocity  equation  (again  using  y = dx/dt) 

^ A ^ dt^  kt^  mCj  yJ  ^ A dt  ^ ^ ^ 


(C-4) 


C-1.3  Approximation  to  solution  by  addition  of  pressure  rise  time 

lag  to  the  incompressible  fluid  solution. 

The  letter  forms  of  the  pressure,  displacement,  and  velocity 
equations  of  Section  (2)  are  cumbersome  to  obtain^ 

but  these  equations  are  easily  solved  if  * 0 (i.e.  ^ = •)  which  is  the 
incompressible  flow  solution.  The  lag  time  to  charge  the  cylinder  to 

Pg  is  also  easily  calculated  for  the  blocked  load  case.  An  acceptable  design 
approach  has  been  to  add  the  lag  times  for  each  of  these  cases  taken  separately. 
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C-1.3.1  Blocked  Load  Pressure  Rise  Time 

The  flow  through  the  orifice  equals  the  compressibility  flow 


dP. 


J %/P-  - P,  = r ^ . 

o S L T dt 


Integrating  gives 


J VPg  - Cj  J 1 


or 


0, 


T 


At  t = 0 , Pj^  = 0 so  that 


2 vPg  - Cj^ 


0, 


p = p X-  t 

L ''*'S  2Cj 


This  expression  reduces  to 


0 0 

Pt  = Pc)  ( = ) t [1  - ( 2_ 

4 V P.  4 ./pT  C 


■)  t] 


If  T - 


C, 


S T 


S X 


S I 


K ’ 


Pl  = ^ Ps  LI  - ^]. 


2 v'P.  C, 


(C-5) 


(r-5') 


Note:  the  linear  time  constant  at  P = 0 is  t = ^ ^ 1 

L linear  0 


2^- 


Now  to  find  t 


max 
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<?(!  - i)  - P3 


S73  0203-VA  4 

Figure  C-4.  Pressure  rise  time  for  massless  fluid  travelling  through  a square 
root  law  orifice  into  a blocked  load. 

This  rise  time  will  prove  to  be  small  compared  to  the  piston  travel 

time  so  that  the  incompressible  flow  solution  will  be  adequate  for  sizing 

the  stages. 


The  equation  prev"  usly  derived  for  the  velocity  is 


C m2  .2  r- ,2  -»  V m j , ~ o 


dt  dt 


V, 

where  ; if  “•  0 and  the  velocity  equation  becomes 


0 ^m  . » , Fr 

f ■ K (■’s  - -) 


2 


^ , JL-\^  2 . !i  . ^2  2-j  . _S  . _f  . 

dt  . 2 L'"o  ''  S A ''  ^ J m m 


Integration  of  this  expression  gives 


21 . \ dt  + C.  , 

o 


"*’o  f dv 

J 0 ' 

X - ^£> 

A 


Noting  that 


At  t = t , y = V and 
o’-'  0 


o 


Substitution  for  y gives 


To  solve  for  X 

X = ^ y dt  + , 

and 

^ tanh  (at  + b)  dt  * ^ log  cosh  (at  + b)  , 


kt  t = t , X * X 

o ~o 


Thus,  the  expression  for  displacement  is 

3 


cosh 


[; 


m0 


(t-t  ) + tanh 
' o 


CCAP^-Ff) 


id 


2 


t X = and  t = tg,  where  X^^  = travel  of  a spool  and  t^  = switching  time 


ag 


m0 

o 


log  cosh 


0/  (APg  - pp 


0. 


A^X 

m0 


cosh 


h>.  -i£ , \ 
U " a' 


and 


m0 


' 0 '‘(AP^  - FJ 


A"  ’ <*o  <"""8  - *£ 


To  give  these  expressions  a 
be  eliminated 


clearer  physical  meaning,  0^  and  A 


= 0 VPe  - P- 


S L 


Q = no  load  flow 
^o 


2 2, 


I£  P,  = 0.  , . -'5;  . «<,  ■ ’o 


■ V • 


where  Fg  - stall  force,  and 


A - Fg/Ps  . 


(C-S) 


will 


The  terms  in  Equation  (C-8)  involving  A become 


I'i 

f', 

The  function  F(y)  = ^ cosh"^  |e^|  in  Equation  C-15  is  dimensionless,  so 
I computation  of  t^  is  simplified.  This  allows  rapid  sizing  of  a valve  once  the 

desired  t is  known.  Values  of  F(y)  for  Y ranging  from  0.01  to  50  are  tabu- 

[ ’ s 

» I 

j lated  below.  EVALUATION!  OF  FCGAV.MA) 


! 

.) 


6AM--1A 

F< GAMMA) 

.01 

1 4. 1 657 

.02 

10.0334 

.03 

8.20535 

.04 

7.1183 

.05 

6.37739 

.06 

5.831 41 

.07 

5.4073 

.08 

5.06693 

.09 

4.78  506 

.1 

4. 54703 

. 1 1 

4.3426 

.12 

4. I 646 

.13 

4.00783 

.14 

3.86842 

.IS 

3. 74342 

.16 

3.63053 

.17 

3.52793 

.18 

3.43417 

.19 

3.  34303 

.2 

3.26866 

.21 

3.19513 

.22 

3.12679 

.23 

3.06307 

.24 

3.00349 

.25 

2.94762 

.26 

2.8951 

.27 

2.84562 

.23 

2.7989 

.29 

2.75471 

.3 

2.71231 

.31 

2.67304 

• 35^ 

2, 63522 

.33 

2.5992 

.34 

2.564S4 

.35 

2.53203 

.36 

2.50066 

.37 

2. 47062 

.33 

2.44103 

.39 

2.41  42  1 

.4 

2.38769 
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EVALUAT10M  OF  F( GAMMA) 


GAMMA 

F< GAMMA) 

.5 

2.17003 

• 6 

2.0126 

.7 

1.89266 

.8 

1.79795 

.9 

1.721 1 1 

1 • 

1.65745 

!•! 

1.60334 

1 .2 

1.55305 

1.3 

1 .51849 

1.4 

1.43399 

1 .s 

1.45364 

1.6 

1.42675 

1.7 

1.40276 

1.8 

1.38125 

1.9 

1 .36135 

2. 

1.34427 

2.1 

1.32827 

2.2 

1.31367 

2.3 

1.30027 

2.4 

1 .28795 

2.5 

1.27653 

2.6 

1.26606 

2.7 

1.2563 

2.8 

1.24722 

2.9 

1.23375 

3. 

1 .23034 

3.  1 

1.22343 

3.2 

1 .21643 

3.3 

1.20994 

3.4 

1.20378 

3.5 

1.19793 

3.6 

1 . 192  49 

3.7 

1.1373 

3.8 

1.13237 

3.9 

1.1777 

4. 

1 . 1 7327 

4.  1 

1 .16904 

4.2 

1.1 6502 

4.3 

1.16119 

4 

1 . 1 57  52 

4.  5 

1 . 1 5403 

4.6 

1 . 1 5063 

4.7 

1.1 474/ 

A.r. 

1 . 1 444 

4.9 

1.141 46 

5. 

1 . 1 3 63 
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j 


( 

f 

i 


){ 

'.M 

;l 

;l 


EVALUATI0(^  (JP  FC  GAMMA) 


FC  GAMMA) 


6 

8 

10 

12 

14 

16 

13 

20 

22 

24 

26 

28 

30 

32 
34 
36 

33 
40 

42 
44 
46 

43 
50 


!• 1 1 552 
1*03664 
1 * 06931 
1.05776 
1 * 04951 
1 • 04332 
1.03351 
1.03466 
1 .03151 
1 . 02888 
1 * 02666 
1.02476 
1*0231 
1.02166 
1.02039 
1*01925 
1.01324 
1.01733 
1.0165 
1.01  575 
1.01507 
1 .01444 
1.01336 


Incompressible  fluid  solution  fnr  two  o^s^nnc 
^ngle  orifice  (without  Coulomb  friction^ 


-driven  through  a 


For  the  case  illustrated  in  Figure  c-5  we  can  write 


M 


1 

dt 


M 


% 

1 dt 


q - t ^ ■ A,  ^ + A ^ 
° S L 1 dt  ^2  dt 


dyn 


and 


Differentiating  with  respect  to  time  gives 
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j-  (A^  /M^  + t^,  so  that 


. tanh^  (t  - t^)}  . 


2 . 2 


Pl  . Pj  [l  - tanh^  - ‘„)}  ] 


2 a 2 


To  solve  for  the  y's,  ve  have 


2 a 2 


2 a 2 


'I  - ^ ^ ^ ^ 


Integrating  this  gives 


*o  *1  , I'^  A . *2  , 

yp  — . 2'  :t  “■*  It  ‘mT  mT>  ‘‘ 

A A o 1 2 

Ml  + 

1 Ml  M2 

At  t ■ t^,  yi  ■ Vqi  and  V^i  = 0 + so  that 


v}  ^ S • 


q A, 

^o  1 

A 2 a 2 
^2 

M,  (jT^  + r^) 

1 Ml  M2 


'o)]  ^ ''( 


Likewise 


%^1 
A,^  A„^ 


f'^  Ai^  a/ 

“■*  lx  ‘mT  * sr> 


«2 


'o  2 


'o>l  + ''l 


v-jf  ,«3  . 


The  displacements 


then  become 


r 


) I 

.'T  f 


q A, 
o 1 


A,^  A,^^ 


2 2 p 

c , ,ti-  + ^)  (t  - o]  *\ 
■\  “■*  r»;  S “2 


V * '^3 


/ I 4--^^ 

“1 V ”2 


q A, 
o I 


0 . «/pI 


2 .2^  75;  •■^ 


^log  cosh  )j 


A " A 
/ I 4. 

“i  V “2 


4.  V t + Cq 

+ ''01  8 


- V„.  t„,  so  that 


At  t - t„.  X - Xoi  003  <=8  ■ >^1  ■ 01  0 

f!S(^.^)(t-t„)}^V„^(t-t„)^=S 

”1  ^ 


01 


(C-19) 


I »s»i  V * fq 


\ Likewise 


^2  * A ^ A 


*^o  ^ log  cosh 

2.22  '^o 


!!S(^.^)(t-t„)\^V„,(t-t„)^X„2  <0 


-20) 


To  find  the  time  when  Piston 

0 and  X.,  • 0,  so  that 


At  t^  - 0.  - Vq2 


1 overtakes  Piston  2 we  must 
01 


find  t when  Xj^  ■ ^• 


2 rP«  ^2  1 

‘^0_^l log  cosh  Cji^  + 


V 
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IL  L. 


3US 


and 


'>0^*2 


(P  A ^ A 2 , 
log  co.h  {-  (_  + _)t| 


V 

'S«2  <Mf  * 


+ X 


02  * 


Equating  these  and  solving  for  t gives 


A 2 .2 

P (-^  + 


cosh  -I  e 


A 2 .22 

Af  A_ 

^02 

2 ^2 


(C-21) 


(C-22) 


X,  = X,  « i 

1 2 02  A^-M^ 

JT  2 

Equation  C-21  gives  the  time  for  the  large  piston  to  overtake  the  small  one  with 
the  large  mass. 

Sunnjarjr_of_^i^£lacement_J|£uati^^ 


2 T,  2 

y ^ i ^opi  S 


r'°'"  L<  "1  ^3  , Ht-tp) 

log  { _£ ] , 


- <‘p  + ‘ri>  ‘ < <‘p  ^ Si  ^ Sl> 


Si  ■? 


Sir'll 


*opi 


F ^ X 
si  lo 


Si  '''i'^si 


■ip  Voplj 


F , X, 
si  io 


X 


X ^ cosh"^ 
'i 


f ^il 

1®  ; ’ Yi  - 


"•s  ‘Jopi  - Ff/^si 

F 3 X 
si  hi 


D 2 2 

Pc  q j 
S i ^opi 


2 „ 2 
Pc 


X = ^ log  cosh 


F./  VI  - Fp/?sp 


P F ^ 

Sp 


Pc 

p S 01 


) (t  - [t  + + t^p])}. 


F_  X, 

t 

P^oT 


(t  + t . + t . + t ) < t < (t„  + t . + t . + t + t 
' p ri  SI  rp  p ri  si  rp  sp 


sp 


"p  ‘>01  . -•  ' '' 

— c cosh 


F ^ Vl  - F_/F_^ 
sp  P Sp 


> {Jp}  - 


^Sp  \p 


X 


%i  Vl  - Pp/Pgp 


I . -1  . ’n.  So  XP 

X ^ cosh  (e  P),  Yp  = ■J2  2 


^s"  '"p  ‘loi 


q ^ A, 
^op  I 


n A 2 .2 

rPo  A,  A, 


A 2 A 2 2 
A,  A« 

Vi  * iq-) 


log  cosh 


fPc 

J_k  (JL.  4.  -^)(t  - ft  + t.+t.+t  + 

IqQ  '“Ml  M2  ^ P ri  SI  rp 

+ t + t ])l 

sp  ra  “'J 


X„ 


^02^ 


2 

op  *‘2 


‘I,  ^ 


*2 

^s“2  ■*■  ' 


log  cosh 


rP  A ^ A ^ 

!_S  (_L  + _2_' 

lq_  % ^ H,  • 


2 2 lq„  M2 


"si  '■ 


+ t + + t,„ 

rp  sp  12 


<‘p  •>•  ‘rl  ■••  Si  ■>■  ‘.P  ■••  'ri  ''•  'ai  ■>■  “rp  Sp  '‘ra  •••  'c 


Also,  for  the  same  time  span 
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■^1  00 


cosh  tanh  — = — vl  “ 

% S 


%D  ‘‘S 

F„ 


fr  (F,Vl  - F /F 

■ r “■*  l(M^  + 


. -1  . 1&2 
+ tanh  (— — s— 

% h 


where  Fg  » Pg  (A^  + A^)  over  the  interval  ^ ^ < t^^  + t^.. 

They  travel  together  until  Piston  1 hits  a stop.  Then,  Piston  2 travels  alone 

over  the  final  interval. 

2 2 

..  »2  %P  is 


1 ,'^1^S2 


(t  - (t^  + t^»)+  ta^h  (- -VI  - Fp/Fg) 


tanh  ( 


A. 


- 

^ f. 


i I 


Figure  C-7 


F 

peak 


10 

386.4 


250,000 


6480  lbs. 


For  a binary  switching  valve,  the  peak  force  would  be  acting  as  the  holding 
force  during  the  time  that  the  contacts  are  closed.  This  load  is  simply 
too  great  for  the  contactors  to  withstand.  Nevertheless,  the  efficiency  will 
be  computed  for  comparison  with  other  piston  arrangements. 


T1 


( 


out 

in 


for  the  same  time  interval.  The  will  be  defined  as  the  useful  work 

or  the  work  done  during  the  opening  acceleration.  The  net  work  done  during 
acceleration  and  deceleration  is  zero  for  the  kinematics  in  Figure  C-7.  The 
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) 

j 

I 

I 

i 


I 


r 


i: 


1 


!i 


■ 


i : 

■:  t" 

< 

[ 


II 


I 


? ! 


r 

s ! 


I < .^11  IIUHIU 


^ will  be  determined  for  the  same  half  stroke.  For  a real  actuator 
in 


x^/2 


r - — 

- \ F . dx  , 

out  j 

o 


where 


d^x 


F * m — j 


m . 


'■.■''t  , .2  ft's 

— Sech  i n - 


dt 


m 


t ■»  Ps  % 


+ tanh 


M 

■ F,. 


dX 


q T r^S  ■ ^t^^S  u-1  /I 


dt 


Upon  substituting  and  performing  the  integration; 


3/2  "s 


out 


(1  _ ^ Sech^  (at  + b)  tanh  (at  +1)  dt 


Note:  Vp  “0,  - 0 

Thus;  b = 0,  a “ Fg  Vl  " *^c 


^ Sech^  at  tanh  at  dt  *^(tanh  at  - tanh  at)  dt 


i [log  cosh  at  + £2li-££.  - log  cosh  atj. 


2 

tanh  at 


2a 
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'-j"'  •■y-  r-^ 


. ju. 


2.2.1  Unlimited  Velocity  Case 
For  the  case: 

» 20  lbs 

Fg  - 7000  lbs 

m » 10  lbs 
8 


Pg  « 4500  Ibs/in^ 

3 

“ 1800  in  /sec 

t - .002 
s 


^ » 3250  in-lb 
out 

» 7000  X .5  - 3500  in-lb 
in 


3250 

3500 


.93 


(Note;  - 31.68  hp.) 


This  high  efficiency  means  that  most  of  the  energy  in  the  fluid  is  used  to 
accelerate  the  load,  and  little  is  lost  across  the  power  stage  orifices. 


C-2.2.2  Limited  Velocity  Case 

But,  the  above  kinematics  cause  some  potential  problems  with  the 


bellows.  So  consideration  will  now  be  made  of  the  case  where  the  velocity 
is  limited.  The  diagram  of  the  elementary  kinematics  is  shown  in  Figure  C-8. 


Figure  C-8 

\ For  the  case  in  Figure  c-8, 

[ : 

[ > F - X 612,500  - 15,700  lbs. 

i ^ JOD«7 

I ; , Por  the  first  2 millisec,  the  work  done  is  actually  completed  in  .57  millisec. 


So,  for  the  case 


Fg  - 18,000  lbs.  Pg  « 4500  Ib/in^ 

F * 50  lbs.  q . 1400 

nig  • 10  lbs. 


T1 


out 


^in  * 1®»000 


1590 

10,800 


.147 


•=  1590  in-lb 
X .6  - 10,800  in-lb 


(Note: 


hyd,  in 


82  hp) 


This  low  efflcloocy  lo  couoed  by  the  fact  that  the  constant  velocity  condition 
is  Mlntalned  by  the  pressure  drop  across  the  power  stage  spool  valve,  and 
neatly  all  of  the  energy  Is  wasted  after  the  acceleration  drops  to  a low 

level.  Also,  the  contact  force  of  Ig.oOO  lbs  would  obliterate  a vacuum 
inte rrupter. 

Final  Configuration 

An  Insight  giving  plot  can  be  made  by  substituting  t - g(x)  into 
the  equation  for  Ihe  expression  ibrt-  g(x)  is  the  switching  time  lag 

and  can  be  found  as  E,.  (c-11, . This  produces  an  equation  with  Aw  . 

A plot  of  this  for  the  two  cases  is  shown  in  Figure  C-9. 


A large  piston  completes  most  of  Its  work  In  a short  distance, 
while  a small  piston  with  a large  power  stage  continually  applies  a force 
over  this  distance.  A staged  actuator  Is  suggested  by  this,  lhat  Is  to  say 
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an  actuator  with  a large  piston  to  accelerate  the  load  and  then  stop  while  a 
smaller  one  continues  with  the  load.  A bonus  feature  is  that  the  small  piston 
can  be  sized  to  provide  the  correct  contactor  holding  force  when  the  switch  is 
closed. 

Bie  piston  peak  forces  for  the  large  and  small  pistons  currently 
under  investigation  are  15000  lbs  and  400  lbs  respectively.  The  exact  travel 
of  the  small  piston  will  vary  due  to  electrode  wear,  so  the  worst  case  will 
be  considered.  Hie  equations  applying  to  this  case  are  Eq.  (C-9)  , (C-10) , (C-17) , 
(C-18)  , (C-19)  , (C-20)  , (C-21)  , (C-22).  The  travel  of  the  large  piston  is 
.2  in.  This  is  to  provide  .1  in  for  electrode  wear  compensation  and  .1  in 
for  acceleration  travel. 

The  parameters  of  the  2-stage  actuator  under  consideration  are; 

- 1800  in^/sec  * .089  in^ 

« 400  lbs  - 3.33  in' 

Fg2  - 15,000  lbs.  Pg  = 4500  Ib/in^ 

There  are  three  different  cases  to  be  considered  during  opening: 

(1)  After  initial  exposure  to  Pg  when  piston  1 overtakes  piston  2. 

(2)  The  period  when  piston  1 carries  piston  2. 

(3)  The  period  when  piston  1 is  rtopped  and  piston  2 "coasts". 

Examining  each  case  in  detail: 

(1)  Starting  with  the  piston  1 at  X ■=  0.  For  the  parameters  shown: 

» 2.49  log  Cosh  [1077  t]  u(t) 

* .1  + .0133  log  Cosh  [1077  t]  u(t) 

X,  “ X-  at  t *»  .28  millisec 
i z c 
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Xi  - X2  = .1005  in 


dX, 

- 540  tanh  (1077  t)  u(t) 
dt 


dXj 

dt 


« 0 


dX, 

-3— =■  ■ 210  in/sec, 

dt 

t-t. 


The  velocity  of  the  coalesced  assembly  is 


V - ^ . 210  + 77  . 0 - 175  in/sec 

O 12 


(2)  Coalesced  Assembly 


V = 175  in/sec  , X^ 
o o 


.1005  in. 


The  velocity  during  this  phase  is 


X 


X 


1+2 


- 540  tanh  (894  (t  - .00038)  + .325|  u (t  - .00038) 
dt  ^ 

. [.1003  . .60.  10.  (CCS6  r006  ,00030)  . . 

. [.1005  + .602  log  [cosh  u (t  - .00038) 

at  t ■ .00078  sec  ■ ,78  millisec  , 


.00038) 
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% 


\ 

E 


i 


dX. 


1+2 


dt 


320  In/sec 


t>.8  mllllsec 


This  is  an  acceptable  velocity. 


(3)  Travel  of  the  small  piston  alone. 
For  the  final  segment,  consider 


Xj^  - .2  In 


Vj^  “ 320  In/sec 


Xj^  - .2 


dX, 


dt 


X,  = 1 


.025  X 10^  log  fco.sh  [.7625  (t.,.:.  ,00076)  t ,017]?  , 

• * I Cosh  .0209  J-  u II 

■ 1.025  X lo'  log  t, 7625^1  1 ,016}| 


- .00078) 


dX„ 


dt 


20250  tanh  i.7625  t + 


•[.7625  t + .Oiej 


X2  « .5  In  at  t 1.7  mllllsec. 


These  results  are  summarized  In  Table  C-2.1. 

The  parameters  have  been  put  Into  the  simulation.  The  results  are 
slightly  different  due  to  the  greater  number  of  effects  that  are  considered 
In  the  simulation.  The  equations  shown  herein  were  used  to  aid  In  sizing 
the  hardware  on  the  basis  of  Incompressible  flow.  The  lag  times  will  run 
greater  for  compressible  flow. 
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TABLE  C-2.1  - SUMMARY  OF  ACTUATOR  PISTON  TRAVEL 


t - 0 


Begin 

MSSM 

0 

0 

.28  ms 

.1005 

.28  ms 

.1005 

.68  ms 

.2 

.68  ms 

.2 

1.7  ms 

• 2 

Begin 


.1 

.1005 


dXj  I dX^ 


Begin  |End  |Begin|  £n 


Valve  Configuration 

The  valving  segment  of  the  short  pulse  switch  consists  of  a pilot 
stage » an  intermediate  stage  and  a power  stage.  The  design  of  the  valving 
segment  resolves  into  a problem  of  getting  enough  flow  gain  in  the  number 
of  stages.  The  pilot  stage  flow  rating  and  power  spool  flow  rating  are 
known,  so  the  problem  becomes  one  of  getting  an  intermediate  stage  that  is 
adequate.  The  present  configuration  has  a slow  running  intermediate  stage. 
This  means  that  the  intermediate  spool  is  large  and  will  cause  the  power 
spool  to  move  before  the  intermediate  stage  is  fully  open.  This  can  be  pre- 
dicted approximately  with  the  design  equations  and  confirmed  on  the  simulation 
The  sequence  portrayed  in  Figure  C-6  is  not  the  one  en^loyed  in  the  final 
design,  but  is  simply  a pessimistic  estimate. 

The  pilot  stage  is  a jet  pipe  flow  control  servovalve.  This  par- 
ticular servovalve  is  highly  reliable  as  proven  by  many  years  of  service  in 


airborne  and  underseas  applications.  A conventional  valve  with  a switching 
time  of  .002  seconds  would  have  a . 8 cis  at  4500  psi.  since  - 1800 

i?!j  "^here  is  a large  gap  to  be  closed  by  the  inter- 

|j  mediate  spool.  The  intermediate  stage  is  made  large,  which  makes  it  slow- 

running,  so  that  a large  orifice  will  be  open  to  drive  the  power  spool.  This 
is  important,  since  in  the  final  analysis  the  .002  sec  opening  time  begins 
when  the  power  spool  crosses  center.  At  this  instant,  the  holding  force 
begins  to  be  released  (although  not  instantaneously  due  to  fluid  mass) . This 
design  has  been  analyzed  in  detail  in  the  next  section  via  digital  simulation, 


) I 
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C-3  Analysis  of  The  Valve  Actuator 

C-3.1  Assumptions 

In  order  to  analyze  and  verify  the  transient  behavior  of  the  short 
pulse  switch  hydraulic  drive  mechanism,  a detailed  dynamic  simulation  of  the 
valve-actuator  drive  system  has  been  developed.  Using  this  simulation,  the 
switch  opening  time  and  travel  can  be  determined,  the  hydraulic  feedline  can 
be  adequately  sized  and  the  switch  closing  operation  can  be  shown  to  be 
satisfactorily  completed  prior  to  the  next  switch  opening  command. 

The  fundamental  relationships  upon  which  the  dynamic  simulation  is 

based  are: 

(1)  The  square  root  orifice  law  for  hydraulic  fluid  flow  through 
each  of  the  spool  valve  stages, 

(2)  The  conservation  of  mass  for  flow  of  the  compressible  hydraulic 
fluid  through  the  valve  stages, 

(3)  The  force  balance  relationship  for  accelerating  masses  (servo- 
valve spools  and  actuator  pistons) , and 

(4)  The  conservation  of  mass  and  conservation  of  momentum  relation- 
ships for  compressible  fluid  flow  through  a line. 

Basic  assumptions  which  were  made  in  the  application  of  the  above 
relations  to  the  valve-actuator  switch  are  listed  below: 

(1)  Piston  and  spool  drag  force  are  assumed  constant. 

(2)  Fluid  bulk  modulus  is  constant. 

(3)  Damping  ratio  for  elastic  metal  to  metal  contact  is  0.1. 

(4)  The  impact  absorbing  fluid  interface  between  the  small  and 
large  pistons  is  incompressible. 
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(5)  The  ait  in  the  accmnulatot  is  considered  to  be  a perfect  gas 

and  its  expansion-cotpression  is  taken  to  be  isothermal. 

(6)  There  is  no  frictional  resistance  to  flow  in  the  accumulator. 

(7)  The  feed  lines  can  be  adequately  represented  by  a single  sec- 

tion  Ivunped  parameter  simulation. 

ror  convenience  of  simulation  the  valve  actuator  is  simulated  with 
a simple,  single  section  lumped  par».eter  model  of  the  hydraulic  feedline 
supplied  with  a constant  pressure  source.  However  a separate  more  detailed 
study  Of  the  feed  system  is  reported  in  section  C-4.  This  simulation  in- 
cludes pump  dynamics  and  the  dynamics  of  both  the  feedline  and  the  return 

line. 


C-3.2  simulation  Results 

The  valve-actuator  opening  and  closing  transient  response  functions 
determined  from  the  simulation  are  shown  in  Figures  C-10  and  C-ll.  These 
plots  Show  the  positions  of  the  intermediate  valve  spool,  the  power  valve 
spool,  the  actuator  small  piston  and  the  actuator  large  piston  as  functions  of 
time.  Time  zero  for  the  valve  opening  response  curves  is  taken  as  the  time 
When  the  pilot  spool  has  been  opened  to  its  full  position.  Because  of  a 
dynamic  lag  in  the  pilot  stage  torque-motor  resulting  from  the  inductance  of 
its  coil,  the  pilot  valve  spool  opens  approximately  2 milliseconds  af 
application  of  a command  pulse  to  the  torquer.  This  effect  has  not  been 
included  in  the  simulation  because  it  produces  a simple  delay  of  0.002  secs, 
in  the  events  shown  in  Figure  C-10,  but  does  not  affect  the  form  of  these 

response  functions. 

ha  soon  as  ths  pilot  valve  is  opened  the  intermediate  spool  begins 
to  open.  AS  shown  in  Figure  C-10,  the  intermediate  spool  quickly  attains  a 
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steady  speed  because  of  its  low  mass.  VJhen  it  crosses  the  spool  center  posi~ 
tion,  fluid  at  supply  pressure,  is  applied  to  the  power  spool.  This  causes 
the  power  spool  to  accelerate  toward  tlie  full  open  position.  When  it 
reaches  its  stop  in  this  full  open  position,  it  bounces  back  a few  times 
because  of  its  mass  and  the  elasticity  of  the  spool  and  stop.  This  will  be 
eliminated  in  the  final  design  with  a "squish"  volume.  The  hydraulic  fluid 
pressure  eventually  forces  it  to  rest  against  its  stop.  When  the  power  spool 
crosses  the  spool  travel  center,  fluid  at  supply  pressure  is  applied  to  the 
actuator  in  a direction  to  drive  both  pistons  open.  The  large  piston, 
because  of  its  large  area  and  low  mass  figure,  begins  to  accelerate.  As  it 
does,  it  tends  to  compress  a trapped  volume  of  fluid  between  the  two  pistons. 
This  fluid  pressure  builds  up,  developing  a force  which  acts  to  accelerate 
the  small  piston.  As  the  large  piston  maintains  its  force  against  the  com- 
pressed fluid  and  the  small  piston  accelerates,  fluid  is  slowly  discharged 
through  a specially  sized  orifice.  This  prevents  the  two  pistons  from  a 
direct,  elastic  collision. 

When  the  large  piston  has  advanced  0.2",  it  strikes  its  stop  and 
comes  to  rest.  The  small  piston  continues  at  almost  constant  velocity  until 
it  reaches  its  stop  inside  the  large  piston.  When  it  gets  to  within  0.040" 
of  its  stop,  the  small  piston  captures  a small  volume  of  hydraulic  fluid 
between  it  and  its  stop.  Further  advance  of  the  piston  attempts  to  compress 
the  fluid  causing  pressure  build  up.  This  pressure  acts  to  slow  the  piston 
and  reduce  impact  with  its  stop  in  the  same  way  as  a shock  absorbing  bumper 
on  an  automobile  protects  against  severe  impact.  A more  detailed  descrip- 
tion of  how  it  is  created  and  simulated  is  given  below.  When  the  small 

piston  has  come  to  rest  against  its  stop  inside  the  large  piston,  it  has 
moved  0.5"  thereby  opening  the  switch  contacts  the  required  0.5  inches. 
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Figure  C-11  shows  the  spool  and  piston  positions  during  the  switch 
closure  transient.  Again,  this  operation  is  initiated  by  applying  a switch 
return  command  to  the  pilot  stage  torque  motor.  Approximately  0.002  sec. 
later,  the  pilot  spool  position  is  driven  to  its  negative  stop.  This  begins 
the  chain  of  events  shown  in  Figure  C— 11.  As  described  before,  the  inter- 
mediate spool  and  power  spool  are  driven  to  their  full  negative  positions 
and  supply  pressure  to  the  actuator  is  reversed  causing  both  pistons  to 
return  to  their  initial  positions  with  the  switch  closed.  Again,  the  "squish 
force  is  utilized  to  avoid  an  elastic  bounce  when  the  switch  closes. 

The  "squish"  force  is  a force  which  acts  on  the  small  and  large 
pistons  when  impact  between  the  two  is  about  to  occur.  It  occurs  because 
of  a specially  designed  boss  in  the  small  piston  which  mates  with  a matching 
circular  counterbore  on  the  large  piston.  As  the  two  pistons  approach  each 
other,  the  boss  and  cbunterbore  mate.  This  creates  a small  cavity  which 
captures  a small  volume  of  hydraulic  fluid.  A carefully  sized  orifice  lo- 
cated in  the  small  piston  groove  provides  the  primary  path  of  discharge  for 
the  captured  fluid.  As  the  two  pistons  approach  each  other,  the  captured 
fluid  pressure  builds  up,  providing  a retarding  force  which  tends  to  reduce 
the  approach  speed  of  the  two  pistons.  The  fluid  pressure  build-up  also 
increases  the  rate  of  fluid  discharge  through  the  orifice,  resulting  in  a 
smooth  deceleration  of  the  moving  piston  thereby  eliminating  the  possibility 

of  a hard  iu?)act  and  an  elastic  bounce. 

Both  ends  of  the  small  and  large  pistons  are  designed  to  develop  \ 

the  "squish"  force  as  they  approach  end  contact  with  each  other.  However,  j 

there  is  a difference  between  the  size  of  the  "squish"  zone  at  each  end  of  ! 

the  piston. 
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At  that  end  of  the  large  piston  which  is  associated  with  the 
switch  full  open  position,  the  "squish"  zone  is  .040"  long.  Thus,  during 
the  switch  opening  transient  when  the  small  piston  is  approaching  its  full 
open  position,  it  enters  the  "squish"  zone  when  it  is  .040"  from  the  stop. 
However,  at  the  other  end  of  the  large  piston,  the  "squish"  zone  is  0.140" 
long.  This  permits  the  small  piston  to  enter  the  "squish"  zone  when  it  is 
0.040"  from  its  stop  (switch  contact  closure).  A "squish"  zone  0.140  in 
length  is  needed  here  to  account  for  the  0.1"  difference  in  initial  position 
of  the  two  pistons.  This  0.1"  difference  in  initial  position  is  designed 
into  the  actuator  to  allow  for  electrode  wear  at  the  point  of  contact. 

In  the  simulatior^  logic  blocks  are  used  to  invoke  this  "squish 
force  only  when  either  of  the  two  pairs  of  piston  impact  surfaces  are  (1) 
sufficiently  close  together,  i.e. , within  the  region  where  the  boss  and 
counterbore  mate,  and  (2)  the  two  impact  surfaces  are  approaching  each  other. 
The  reason  for  this  feature  is  that  a negative  pressure  can  not  exist  in 
the  cavities.  If  the  pressure  aH>roache8  0 psi,  the  fluid  will  cavitate. 
Negative  pressures  get  generated  roathanatically  when  the  "squish"  pistons 
seperate.  Unless  both  of  these  conditions  are  met,  the  "squish"  force  is 

zero. 

Some  10  to  11  milliseconds  are  required  to  coo?>lete  the  switch 
opening  and  closing  operation  shown  in  Figures  C-10  and  C-11.  During  this 
time,  the  flow  requirements  to  the  power  spool  and  particularly  the  actuator 
are  high.  Because  of  an  assumed  hydraulic  supply  line  length  of  10  feet,  the 
line  inertance  is  rather  high.  In  order  to  avoid  severe  pressure  drops 
during  the  switch  opening  and  closing  operation  due  to  the  line  inertance, 
an  accumulator  is  placed  in  the  line  at  the  valve  actuator.  This  stores 
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TABLE  C-3.1 

NOMENCLATURE,  SPS  VALVE- ACTUATOR  SIMULATION 
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TABLE  C-3.1  (CONTINUED) 
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1.5  cubic  Inches  of  fluid  at  or  near  supply  pressure  prior  to  the  opening 
transient.  It  supplies  the  high  flow  rates  required  by  the  actuator  during 
the  short  time  of  the  transient,  without  a total  loss  of  pressure.  The 
pressure  however  does  drop  during  this  time  even  with  the  accumulator.  About 
1000  psi  reduction  in  supply  pressure  occurs  during  the  switch  opening  and 
another  1000  psi  reduction  occurs  during  the  switch  closure.  Thus,  at  the 
conclusion  of  the  switch  closure,  accumulator  pressure  is  roughly  2500  psi. 
During  the  rest  time  between  successive  switch  openings  and  closures,  the 
supply  line  recharges  the  accumulator. 


SPS  Valve-Actuator  Simulation  Equations 
Intermediate  Valve  - Orifice  Coefficient-Pilot  Valves 


"• 


Square  Root  Orifice  Law 


Conservation  of  Fluid  Mass 


(C-25) 


= Sgn  (Sgn  (pi2)Pi-p2H  l?2l  ^lSgn((J2)Pi“P2l  <C-26) 


^ - '‘s/2  ’2  - 


(C-27) 


d X, 
m 2 

12g  dt 


Spool  Force  Balance 

^(X2  - .05),  if  X^  > .05  A 
- Kg  X Jo,  if  -.05  < X2<  .05  f + P2  Ag^  + 0 (P^ 

(X2  + .05%  if  X2  < -.Ojl 
Power  Valve  - Orifice  Coefficient  - Intermediate  Valve 


(C-28) 


^3  - % ^2 


(C-29) 
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Conservation  of  Fluid  Mass 


Large  Piston  Force  Balance 


sign  (X-  - X.)  + "squish"  force 


Small  Piston  Force  Balance 


squish"  force 


'Squish  Force-  ; 


^ iK  - ^ 1*5  ■ *4! 


(C-37) 


f « p A_c 
sq  sq  S5 


Feedline; 

mnservation  of  Momentum  in  the  Feedline t 


i!s  . fua  —i— 1 [(Ps  - Pi>  - *£r  "S  I’s'l 


t r 


rnn.qrvation  Mass  in  the  Feedlijiet 

^ ■ (AjLj  + a77  <’s  - Ot  ■ ‘•a> 
rnnsetvation  Momentum  In  the  Accumulator; 


d <1^  A^ 


tr  ■ 'a' 


F..n.nsio.  - I - 


‘ *^A  *^A 

Aq  ^0 


(C-38) 


(C-39) 


(C-40) 


(C-41) 


-•_3,3  sinvulation  Operation 

The  program  Is  a listing  of  the  valve-actuator  equations  as  they  are 
penviaea  to  the  aigltal  =o.q.uter.  In  this  form,  the  equations  are  Input  to 
the  aigltal  program  -COSS"  uhlch  Is  available  from  comshare  Incorporatea,  a 
time  Share  cos^uter  service  cosg.any.  Each  of  the  lines  aenotes  a specific 
type  of  mathematical  element.  In  entering  the  system  to  program  COSS.  eac 


element  is  listed  with  the  numbers  of  those  connections  which  feed  it.  It 
has  been  found  that  an  integration  interval  vdiich  is  not  much  larger  than 
1 X 10~^  sec  will  yield  meaningful  results. 
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Analysis  of  The  Feedsystem 

Operation  of  the  yalye-actuator  requires  adequate  supply  of 
hydraulic  power.  At  a pulse  rate  of  5 pulses  per  second,  an  ayerage  flow 
rate  of  approximately  12  in^/sec  is  required.  Simulation  of  the  actuator 
with  a crude  feedline  model  (Sec.  C-3)  indicates  that  instantaneous  flow 
rates  peaking  near  1000  in^/sec  are  required,  and  that  a pressure  loss  of 
2000  psi  can  be  expected  immediately  after  the  actuator  is  operated  through 
one  open-close  cycle.  Thus  it  is  evident  that  the  feedsystem  deserves 
attention  from  an  analysis  standpoint  to  insure  its  adequacy  in  supplying  the 

necessary  flow  rate  and  pressure. 

For  the  purposes  of  this  study  it  is  assumed  that  the  hydraulic 

power  supply  is  located  ten  feet  from  the  valve  actuator,  thus  requiring  10' 
long  supply  and  return  transmission  lines.  Such  length  permits  some  measure 
of  remote  mounting  freedom  for  the  valve  actuator  independent  of  the  power 
supply.  Transmission  lines  will  also  prove  valuable  in  isolating  the 
hydraulic  power  supply  from  the  high  electrical  potentials  at  the  valve 

actuator . 

In  order  to  examine  the  question  of  whether  or  not  transmission 
lines  can  adequately  supply  the  valve-actuator  hydraulic  power  requirements, 

a simulation  of  the- feedsystem  was  created. 

Feedline  Accumulators  and  Feedline  Restrictors 

Restrictors  were  found  to  be  necessary  as  a direct  result  of  the 
simulation,  in  order  to  reduce  flow  oscillations  in  the  feedline  due  to 

interaction  between  the  feedline  and  the  pump. 

The  approach  to  the  fluid  power  transmission  problem  has  been  to 

utilize  accumulators  where  necessary  to  store  the  necessary  volume  of  fluid 
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.e,uirea  by  the  ectuetct.  dutih,  Ite  operation.  After  the  pulee.  the  tran- 
eiente  are  allowed  to  settle  out  and  the  accun^lators  arc  replenished  before 
the  next  pulse  occurs.  This  approach  appeared  to  be  satisfactory  for  the 
case  of  5 PPS  as  the  results  below  will  show.  However  when  a pulse  rate  of 
20  PPS  was  examined,  the  accumulators  were  found  to  need  enlarpement  to 
eupply  the  fluid  requirements  without  excessive  pressure  loss.  This  reduced 
the  feedsystem  natural  frequency  to  a point  close  to  the  20  PPS  frequency, 
matin,  it  virtually  impossible  to  achieve  steady  state  conditions  before  the 
arrival  of  the  next  pulse,  as  was  possible  at  the  5 Pps  rate.  However,  by 
proper  sizin,  of  the  two  feedline  accumulators,  it  was  found  that  the  feed- 
line natural  frequency  could  be  adjusted  to  provide  satisfactory  pressure 
recovery  in  the  load  accumulator  ,ust  prior  to  the  arrival  of  the  next  pulse. 
These  results  are  shown  below  in  the  section  on  analysis  at  the  20  pps  rate. 

C-4.1  veedsvstem  Analyr<v  . s Pulses  Per  Second  Operation 

vc...  nescriotion  - The  hydraulic  feed  system  consists  of  a vari- 

„,hi.  of  delivering  a maximum  of  12  inVsec  (approximately 
able  stroke  pump  capable  of  deiiverxny 

3 gal/min, . Its  s^ximum  pressure  is  «00  psi.  The  pump  discharges  through 
an  orifice  and  then  into  an  accumulator  which  exists  at  the  upstream  end  of 
the  10  ft.  ion,  feedline.  The  10  of  this  line  is  considered  to  be  3/S»  and 

its  00  is  5/S».  At  the  downstream  or  discharge  end  of  the  line  is  a restrrc- 

t--  U 4-ms-oc  fluid  sufficient  for  one  open-close 
tion  and  a second  accumulator  which  stores 

cycle  of  the  valve-actuator. 

The  purpose  of  the  accumulators  is  to  store  fluid  for  the  short 
term,  high  flow  demands  of  the  valve-actuator,  thereby  smoothing  the  flow 
requirements  of  .e  pump  to  a much  lower,  steady  value.  Hestrictors  are  in- 

aerted  in  the  lines  as  shown  to  reduce  flow 

lators  and  to  decouple  the  pmsp  dynamics  from  those  of  the  line. 
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Fluid  discharge  from  the  valve-actuator  is  returned  to  the  pump 
through  a 10  foot  long  5/8"  ID  return  line.  An  accvimulator  is  placed  at  the 
upstream  end  of  this  line  to  collect  the  pulse-like  discharge  from  the  valve- 
actuator  without  encountering  high  flow  impedance  due  to  line  inertance. 

For  the  purposes  of  this  analysis,  only  the  feedline  dynamics 
were  examined.  The  return  line  is  assumed  to  offer  a constant  low  pressure 

resistance  to  the  valve-actuator  discharge. 

A simplified  diagram  of  the  system  under  consideration  is  shown 
in  Figure  C-12.  The  response  curves  in  this  figure  are  discussed  later. 

simulation  Description  - Equations  describing  the  dynamic  behavior 
of  the  system  are  based  on  conservation  of  fluid  momentum  and  conservation 
of  fluid  mass  in  individual  sections  of  the  line  and  the  accumulators. 
Pressure  drop  due  to  flow  resistance  is  taken  to  be  proportional  to  the 
square  of  the  flow.  This  is  an  approximation  in  that  the  flow  becomes 
laminar  at  low  line  velocities  (i.e.,  low  Reynolds  Number).  The  pump  is 
simulated  by  its  approximate  static  pressure-flow  relationship,  modified  by 
a second  order  lag  with  a low  damping  ratio  (C  •*  0.1)  to  provide  the  proper 
dynamic  behavior.  These  equations  are  shown  in  Table  C-4.1.  Definitions 
of  the  variables  and  parameters  in  these  equations  are  given  in  Table  C-4.2. 

Figure  C-13  shows  pictorially  the  sectionalization  of  the  feedline 
into  four  equal  length  sections.  This  permits  treatment  of  the  line  as  a 
lumped  parameter  system,  as  shown  by  the  analogous  circuit  in  Figure  C-13. 
Here  the  inductors  represent  line  inertance  and  the  capacitors  represent 
line  storage  capacity  in  each  of  the  4 sections.  Resistors  are  shown  with 
an  arrow  to  remind  that  they  are  non  linear  elements  (square  law  relation- 
ship) . The  first  three  sections  are  hwdled  identically,  series  inertance 
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AP 
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dt 

A L/4 
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dt 
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TABLE  C-4.2  - DEFINITION  OF  PARAMETERS  AND  VARIABLES 


Pareuneters 

Pump 

z.  Deunping  Ratio  - pump  dynamics 

Natural  frequency  - pump  dynamics 

Upstream  Orifice 

Square  law  orifice  resistance  - v^streeun 
orifice 

Pump  Accumulator 

Pj^  initial  trapped  air  pressure 

initial  trapped  air  volume 

Feed  Line 

L line  length 

A line  cross  sectional  flow  area 

R line  square  law  flow  resistance 


Downstream  Orifice 


R Square  law  orifice  resistance  - downstream 

orifice 


Load  Accumulator 


General 


initial  trapped  air  pressure 
initial  trapped  airvolume 


hydraulic  fluid  density 


0.1 

760  rad/sec 

3 2 

5 psi/(in  /sec) 

4500  psi 
3.0  in^ 

120  in 
0.11  in^ 

3 2 

0.105  psi/(in  /sec) 

3 2 

0.1  psi/ (in  /sec) 

4500  psi 
1.5  in^ 

0.0307  Ib/in^ 
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g 

acceleration  of  gravity 

32.2  ft/sec 

6 

e 

equivalent  fluid  bulk  modulus  for  line 

10  psi 

VarieQsles 

P 

p 

pump  discharge  pressure 

psi 

P 

pump  pressure  derived  from  flow 

psi 

^AP 

pump  accumulator  pressure 

psi 

"l 

pipe  pressure  at  the  end  of  the 
first  line  section 

psi 

^2 

pressure  at  the  end  of  the  second 
line  section 

psi 

pressure  at  the  end  of  the  third 
line  section 

psi 

^4C 

pressure  at  the  center  of  the  fourth 
line  section 

psi 

^AL 

load  accumulator  pressure 

psi 

% 

pump  discharge  flow 

in  /sec 

flow  in  the  1st  line  section 

in  /sec 

^2 

flow  in  the  2nd  line  section 

in  /sec 

flow  in  the  3rd  line  section 

in^/sec 

^^41 

flow  in  the  first  half  of  the  4th  line 
section 

• 3, 
in  /sec 

^^42 

flow  in  the  second  half  of  the  4th 
line  section 

in^/sec 

flow  to  the  load 


in^/sec 


I 

ri 
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first  and  then  shunt  capacitance.  because  the  last  section  couples 

to  the  load  accumulator  which  requires  a flow  input,  this  section  is  arranged 
such  that  its  series  inertance  and  resistance  are  distributed  upstream  and 
downstream  of  the  centrally  located  shunt  capacitance.  With  this  arrangement 
the  output  flow  of  the  line,  q^2  calculated.  With  q^2  input  flow 

to  the  load  accumulator  simulation,  accumulator  pressure  can  be  calculated. 

Flow  out  of  the  accumulator  to  the  load  q^^,  is  developed  as  a func- 
tion of  time  by  means  of  a pair  of  function  generator  blocks.  This  flow 
function  is  shown  in  Figure  C-14.  It  is  an  approximation  of  the  flow  func- 
tion calculated  from  the  simulation  of  the  valve-actuator.  As  Figure  C-14 
shows,  there  are  two  large  peaks  to  the  function.  The  first  peak  is  the  flow 
required  by  the  valve-actuator  during  the  valve-actuator  opening  transient. 

The  second  peak  is  the  flow  required  during  the  closing  transient. 

The  area  under  this  function  represents  the  volume  of  hydraulic 
fluid  required  in  one  opening  - closing  transient.  To  be  sure  that  the 
approximate  flow  function  sythesized  with  the  function  generators  represents 
an  equivalent  volume  of  fluid,  the  integrals  of  both  the  calculated  and  the 
approximate  functions  were  determined.  These  are  reasonably  close 
(2.107  in^  for  the  calculated  function  and  2.225  in  for  the  approximate 

function) . 

The  program  is  a listing  of  the  feedsystem  equations  as  they  have 
been  provided  to  the  digital  computer.  While  the  computations  are  made 
digitally,  the  format  of  the  program  is  analog  in  nature. 

C-4.1.2  Simulation  Results  - The  results  of  the  transient  feedline  analysis 
are  shown  in  Figure  C-12.  It  shows  pressure  in  the  two  accumulators,  pump 
discharge  pressure  and  flow  vs  time  for  a 200  millisecond  period.  A simple 
sketch  of  the  feedsystem  is  included  in  the  figure  for  reference  purposes. 
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These  results  were  obtained  by  permitting 


the  feedsyst.  i..  .uoael  to  operate 


through  several  200  millisecond  periods,  until  the  pressure  and  flow  func- 
tions began  to  duplicate  themselves  in  consecutive  periods.  During  the  first 
10  milliseconds  of  operation,  the  valve-actuator  is  opened  and  closed  again 
depleting  the  hvdtaulic  fluid  stored  in  the  load  accumulator  and  causing  the 
load  accumulator  pressure  to  drop  sharply  as  shown  in  Figure  C-12.  Note 

that  there  are  two  distinct  drops  in  pressure  corresponding  to  the  two  peaks 
in  the  load  flow  function  q^.  As  the  pressure  P^^^  drops,  flow  in  the 
begins  to  Increase.  Fluid  frcm  the  pump  accumulator  discharges  into  the  line 
to  provide  this  additional  flow.  Consequently,  pump  accumulator  pressure  P^^ 


also  begins  to  drop.  However  because  of  line  inertance.  P^p  drops  more 


slowly  that  P . Accompanying  the  reduction  in  pressure  P„  is  an  increase 


in  the  pressure  drop  across  the  pump  discharge  restriction.  This  causes  an 
increase  in  pump  discharge  flow  q^  as  shown.  Because  of  the  pump  operating 
characteristics,  a reduction  of  pump  discharge  pressure  P^  occurs  as  shown. 
Hote  that  the  pump  flow  Jumps  up  quickly  to  its  maximum  value  of  12  inVsec 
(about  3 gpml . and  stays  at  this  flow  level  as  the  accumulators  slowly  re- 
charge. When  sufficiently  recharged,  the  accumulator  pressures  have  climbed 


to  the  extent  that  the  pump  is  no  longer  saturated  and  its  flow  q^.  begins 


to  decrease.  During  ».e  time  interval  from  30  milliseconds  to  200  milli- 
seconds,  a slight  flow  oscillation  occurs  in  the  line  between  the  two  accumu 


c a.  «„c  D And  p show,  the  two  accumulators 
lators.  As  the  pressure  functions  and  s 


take  turns  discharging  into  the  line  as  both  slowly  build  up  in  pressure, 
such  oscillations  are  a common  occurrence  in  fluid  transmission  lines  be- 
cause of  the  relatively  small  flow  resistance  in  these  lines.  The  amplitude 
of  the  oscillations  can  be  reduced  by  putting  restrictions  in  the  line, 
such  a restriction  has  been  inserted  in  this  feodline  Just  upstream  of  the 
load  accumulator  as  shown  in  the  system  schematic.  The  site  of  the  r-stric- 
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tion  must  be  chosen  with  care.  If  it  is  too  large  an  excessive  pressure  drop 
will  develop  across  it,  causing  a reduction  of  pressure  downstream  in  the  load 

accumulator . 

C-4.2  Feedsystem  Analysis  - 20  pps  Operation 

Operation  of  the  valve-actuator  at  a pulse  rate  of  20  pps  places  a 
four  fold  increase  in  the  demand  on  average  feedsystem  flow.  For  analysis 
purposes  modifications  were  made  in  the  feedsystem  simulation  for  20  pps 
operation.  Modifications  were  made  in  the  pump  size  (increase  by  a factor 
of  four)  to  supply  the  increased  flow  requirements  of  the  actuator,  the 
accumulators  were  enlarged  and  the  restrictions  were  removed.  Figure  C-12 
illustrates  the  oscillatory  behavior  of  the  load  accumulator  pressure, 
at  5 pps  operation.  A pressure  peak  occurs  some  35  milliseconds  after  the 
initiation  of  the  transient.  Analysis  has  shown  that  a slight  reduction  of 
the  natural  frequency  can  be  obtained  by  increasing  accumulator  volumes. 

This  delays  the  pressure  peak  in  such  that  it  occurs  approximately  50 
milliseconds  after  the  initiation  of  the  pulse.  If  this  is  done  and  the 
valve-actuator  is  operated  at  a 20  pps  switching  rate,  the  load  accumulator 
is  then  fully  charged  ready  for  discharge  into  the  valve-actuator  at  the 
next  pulse.  This  "tuning"  of  line  parameters  can  be  effective  in  providing 
pulsed  hydraulic  energy  to  the  switch  efficiently.  The  restrictors  utilized 
in  the  5 pps  simulation  to  dampen  oscillatory  behavior  were  removed  for  the 
20  pps  case  to  encourage  the  oscillatory  behavior  described  above. 

The  dynamic  response  of  the  modified  feedsystem  operating  at  a 
20  pps  rate  is  shown  in  Figure  C-15.  This  shows  a typical  cycle  near  steady 
state  conditions.  It  shows  the  reduction  of  P^  (load  accumulator  pressure) 
as  the  accumulator  discharges  into  the  valve-actuator  during  the  first  10 
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milliseconds.  Then,  as  feedline  flow  builds  up,  the  load  accumulator  pre- 
ssure begins  to  increase  as  it  is  rech£urged.  When  feedline  flow  has  dropped 
to  about  10  in^/sec  and  the  load  acctunulator  has  built  up  to  about  4300  psi, 
the  next  pulse  occurs  and  the  cycle  repeats  itself.  The  increase  in  accumu- 
lator volume  also  enables  the  accumulator  to  maintain  its  pressure  at  a 
higher  level  during  the  period  in  which  the  valve-actuator  is  pulsed. 

In  addition  because  of  the  higher  flow  rates  and  pulse  rates  it 
was  felt  necessary  to  include  the  dynamics  of  the  return  line  and  the 
reservoir.  The  reservoir  is  equipped  with  a piston  which  is  double  acting 
as  shown  in  Figure  C-16.  This  piston  acts  to  maintain  a pressure  ratio  in 
the  supply  side  with  respect  to  the  return  side  of  4500  psi/100  psi.  The 
ratio  of  its  areas  is  therefore  45/1.  Its  purpose  is  to  maintain  a positive 
pressure  in  the  reservoir  on  the  suction  side  of  the  pump.  It  was  feared 
that  pulsed  operation  at  20  pps  might  cause  resonant  behavior  of  this  piston, 
and  was  therefore  included  in  the  simulation.  Table  C-4.3  gives  the  equations 
which  were  added  for  the  20  pps  simulation.  T£d}le  C-4.4  gives  the  pareuneters 
and  variables  applicable  to  these  equations. 


TABLE  C-4.3 


FEEDSYSTEM  MODIFICATIONS  S ADDITIONS 
TO  EQUATIONS  FOR  20  PPS 


MODIFICATIONS: 


Pump: 


P = 4500.  - 4.17  qp 
P = 55900.  - 1075.  qp 
P = 0. 

Pump  Accumulator: 


0 < % < 
48  < qp 
qp  > 52 


dt 


AP 


P V 
01  01 


“l  - ''ps" 


ADDITIONS! 

Return  Line  Accumulator: 


5T  rrrv 


AR 


“'i,  - "s’ 


03  03 


Return  Line : 

1st  Section: 


dt 


TPL/4 


(P 


AR 


P5  - Rp/4  q3lq5l) 


dP 


_5  = 
dt 


A^L/4 


- V 


2nd  Section: 


dt 


■ 

>>L/4 


*'6-  V" 


48 

< 52 
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3rd  Section; 


(Pg  - P7  " ^ 7^ 

“dt  “ y>  L/4 

- W 

"dt  L/4 

4th  Section; 

(P7  - Prc  " V® 

dt  'P  L/® 

*^^8C  = 

IT  \ L/4 

<^^82  = (PQC  " *“r  " V®  ‘^2'‘*82'^ 

"dT"  f L/8 


TABLE  C-4.4,  FEEDSYSTEM  MODIFICATIONS  AND  ADDITIONS  TO 

PARAMETERS  S VARIABLES  FOR  20  PPS  SIMULATION 


Parameter  Modifications: 

5 PPs 

20  pps 

Pump 

(max  flow  rate) 

12  in^/sec 

48  in^/sec 

Pump 

accumulator  air  volume 

3 in^ 

6 in 

Load 

accumulator  air  volume 

1.5  in^ 

c ■ 3 
6 in 

Upstream  orifice  (restriction) 

3 2 

5 psi/(in  /sec) 

0. 

Downstream  orifice  (restriction) 

3 2 

0.1  psi/(in  /sec) 

0. 

Pump 

natural  frequency 

760  rad/sec 

538  rad/sec 

Pump  damping  ratio  f 

0.1 

0.14 

Maximum  hydraulic  horsepower 
required 

8.18  HP 

32.73  HP 

Parameter  Additions: 

Return 

Line  Accumulator: 

"03 

Initial  Trapped  Air  Pressure 

100  psi 

^03 

Initial  Trapped  Air  Volume 

3 in^ 

Return 

Line: 

L 

Line  length 

120  in 

Line  cross  sectional  flow  €u:ea 

.307  in^ 

Line  square  law  flow  resistance 

.0123  psi/(in^/sec) 

Reservoir: 

^R 

Volume 

231  in^ 

^R 

Return  side  piston  area 

34.7  in^ 
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N 


E 


0.771  in 

PS 

Supply  side  piston  area 

.0538  slugs 

"'p 

Piston  mass 

r 

Piston  coulomb  friction 

7.5  lb 

F 

1 X lO^lb/in 

P 

Piston  stop  spring  constant 

K 

6 in 

S 

Piston  stroke 

Variables 

Added : 

p 

pressure  in  the  return  line  accu.nulator 

psi 

AR 

. 3, 
in  /sec 

Load  flow 

. 3 , 

^55 

Average  flow  in  1st  return  line  section 

in  /sec 

M H 

M ••  " 2nd 

M •'  ••  3rd  " " " 

II  •» 

Average  flow  in  the  first  half  of  the  4th 
return  line  section 

in^/sec 

%2 

Average  flow  in  the  second  half  of  the 
4th  return  line  section 

in^/sec 

Pc 

Pressure  at  the  end  of  the  first  return 

psi 

5 

line  section 

1 

1 

pressure  at  the  end  of  the  second  return 
line  section 

psi 

1 

Pressure  at  the  end  of  the  third  return 

psi 

7 

line  section 

P 

pressure  at  the  center  of  the  fourth  return 

psi 

8C 

line  section 

psi 

P 

Pressure  in  the  reservoir 

in 

X 

Reservoir  piston  displacement 

\ t 


■ 

i 


246 


C-5 


Mechanical  Properties 


C-5.1  Mechanical  Description 

The  pilot  valve  is  an  ABEX  410  Series  servovalve,  Figure  C-17.  It 
sits  atop  the  intermediate  stage  (shown  with  the  spool  centered) . The  inter- 
mediate stage  is  a 4 way  spool  valve  and  is  shown  in  a 4 band  configuration. 
The  porting  detail  from  the  pilot  stage  to  the  intermediate  stage,  and  from 
the  intermediate  stage  to  the  power  stage  is  not  shown  in  detail  as  it  is 
conventional  in  nature. 

The  power  spool  is  shown  hard  over  to  the  right,  which  would  have 
the  contacts  closed.  The  power  stage  is  also  a 4 way  spool  valve  shown  in 
a 5 band  configuration.  This  arrangement  permits  a better  overall  flow  path 
design.  The  center  port  is  at  supply  pressure  while  the  two  outside  ports 
are  at  return  pressure.  During  operation,  fluid  flows  into  the  supply  port 
and  through  the  high  pressure  orifices  into  the  bushing  bore.  The  fluid 
exits  the  bore  into  a rectangular  passage  and  into  the  actuator,  the  return 
flow  travels  through  the  opposite  rectangular  passage,  through  the  return 
side  orifices  and  out  the  exhaust  port  into  a header.  The  header  is  a V- 
shaped  pipe  arrangement  attached  to  the  two  return  ports.  This  header  col- 
lects the  return  flow  and  directs  it  to  the  return  side  accumulator. 

The  actuator  stage  is  shown  in  the  closed  position.  The  piston 
area  to  supply  the  400  lb  holding  force  (.089  in^)  is  the  differential 
between  the  external  shaft  area  and  the  internal  shaft  area.  All  internal 
sliding  seals  are  attained  by  close  fits  between  the  respective  parts.  The 
present  plan  is  to  attain  an  interference  fit  between  the  valve  bushings 
and  the  block  by  heating  the  block  and  cooling  the  bushing  so  that  they 
slide  together  smoothly  during  assembly.  This  will  eliminate  internal  elas 
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tometric  static  seals  consequently  permitting  seal  changes  of  the  system 
without  complete  disassembly.  The  seals  are  all  under  end  caps  and  readily 
accessible  (with  the  exception  of  seals  inside  the  pilot  stage) . The  detail 
of  actuator  mounting  lugs  and  load  attachment  have  not  been  generated  yet, 
and  are  consequently  not  shown. 

The  parameters  in  the  mechanical  design  are  already  a little 
different  than  those  used  in  the  simulation.  Fortunately,  the  numbers  used 
in  the  simulation  appear  to  be  a little  pessimistic  in  the  power  stage  area, 
but  about  right  in  the  actuator.  The  mechanical  design  to  date  definitely 
substantiates  the  ability  to  open  the  contact  gap  to  .5  inches  in  1.85  mi  Hi 
seconds. 

C-5.2  Weight  Summary 

The  overall  weight  of  this  unit  is  approximately  15  lbs. 


Weight  breakdown;  lb 

Pilot  Stage  .75 

Valve  Actuator  Body  6 Endcaps  9.25 

Large  Piston  2.2 

Internal  & External  Shafts  1.8 

Header  Assembly  ' ' 1.0 

15  lbs 
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